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SUMMARY 
Two incomplete block designs, the lattice and triple lattice, 
are discussed. Their construction, the field plans, experi-
mental results, the statistical analysis and new features of 
the mathematical theory are included. 
The two experiments consist of yield tests of 81 double-
crosses of corn. They are used to illustrate a new method of 
analysis in which the inter-block information is recovered. 
The analysis is presented in such a way that it can be adopted 
as the standard method of analyzing lattice and triple lattice 
experiments. 
The recovery of inter-block information and the reduction 
of block size from 81 to 9 plots per block resulted in a notable 
increase in precision when compared with the randomized 
complete block designs. The gain was 85 percent for the 
lattice experiment and 73 percent for the triple lattice ex-
periment. 
Using inter-block information, the experiment can in no 
event be appreciably less accurate than arrangements in 
randomized complete blocks, and will be considerably more 
precise in the fields where the smaller blocks eliminate a con-
siderable portion of the variance ascribed to soil hetero-
geneity. 
These designs are well adapted to the testing of differences 
among large numbers of varieties. They are especially de-
sirable when little is known about the variability of the ex-
perimental field. 
For the triple lattice experiment, the use of covariance 
analysis is illustrated. 
For each design the mathematical basis is given for the 
estimation of the varietal means together with their standard 
errors, the weights assigned to intra- and inter-block error 
variance and the tests of significance. Tables are included 
indicating the efficiencies to be expected from the use of these 
designs instead of randomized complete blocks. 
The Analysis of Lattice and Triple 
Lattice Experiments in Corn 
Varietal Tests1 
1. Construction and Numerical Analysis 
By 
GERTRUDE M. Cox' AND ROBERT C. ECKHARDT" 
Well-known methods of design, such as the Latin square 
or randomized complete block, are available and efficient when 
the number of varieties to be compared is small. As the num-
ber of varieties increases, these designs may become less effi-
cient through failure to eliminate soil heterogeneity. Fur-
thermore, the Latin square design becomes cumbersome, be-
cause it requires replicates equal in number to the varieties. 
Several methods exist for making comparisons among a large 
number of varieties. 1. The classical way of arranging such 
trials is by the use of controls or check plots. These are em-
ployed in one of two ways: (a) Small groups of varieties, to-
gether with one or more controls, are arranged in either ran-
domized blocks or Latin squares. Comparing each variety 
with the control variety in its group makes possible the com-
parison of varieties not in the same group, such comparisons 
being less accurate than comparisons between varieties in the 
same group; (b) controls are inserted systematically in a 
randomized complete block arrangement of all the varieties. 
These controls furnish an index of soil fertility variations 
within the blocks. In both cases, the precision of the experi-
ment is reduced by the fact that more plots are allotted to 
the control variety than to any other. 2. The semi-Latin 
square devised by "Student" [9] has been shown to give a 
biased estimate of error [11]. 3. Richey [7] devised an 
ingenious method by which variety yields are adjusted to 
their regression on a moving average. This method, how-
1 Project 514 of the Sta tis tical Section of the Iowa Agricultural Experiment 
Sta tion in cooper a tion with the D ivision of Agricul tural St atistics, Agricul-
tu ral Marke ting Ser v ice, Uni ted Sta t es Depa r t m en t of Agriculture, a nd 
p r oj ect 163 of the Farm Crops Su bsection of the Iowa Agricultura l Ex-
per im ent Station in cooperation w ith the D iv ision of Cereal Cr o ps a nd 
D iseases, Bureau of P la nt I n dustr y, U nited S tates Depar tment of Agr i-
culture. 
2 Resear ch Assistan t Prof essor, Statistical Section , Iowa Agricultur a l E x-
periment Station ; a l so Agen t, Division of Agricultural S t a tistics, Agricul-
t u ral Marketin g Ser vice, United Sta t es D epartmen t of Agr iculture. 
3 Agent, D ivision of Cer eal Cr ops and Diseases, Bureau of P lant I n dustry, 
U n i t ed S tates Department of Agr iculture; a lso Collaborator, Agr onomy 
Section, F a rm Cr op s Subsection, I owa Agricultu ral Experiment Station . 
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ever, requires involved computation, calls for an arbitrary 
decision as to the number of varieties which appear in each 
moving average group and affords no exact test of signifi-
cance. 4. A similar method was later suggested by Papada-
kis [6]. He uses covariance with the yields of neighboring 
plots to reduce the error of replicated experiments. A re-
view and comments on this method are given by Bartlett [1]. 
He says, "The calculations are rather laborious, and would 
compare unfavorably with the simple modifications neces-
sary in the analysis of well-designed experiments in which 
confounding has, been introduced." Although these four 
methods were devised to test large numbers of varieties, their 
limitations constitute a serious bar to their use. 
Because of the limitations of the above methods, several 
modifications of the complete block design have been devised 
by Yates. These new designs are more efficient than com-
plete block designs when there are appreciable inequalities 
in fertility within replications. They also have the com-
mon characteristic that a block contains fewer varieties than 
the total number of varieties to be compared. These more 
homogeneous small blocks are referred to as incompete blocks. 
[13] . 
The incomplete block designs were first suggested for ex-
periments on heterogeneous soil. The method of analysis 
appropriate to this case has been given by Yates [12] and 
Goulden [4, 5]. It sometimes happened that the soil was 
relatively homogeneous; that is, differences between blocks 
were small. In such experiments the efficiency of the incom-
plete block designs was less than that in the complete block 
designs. Yates [15] and Fisher and Yates [3] proposed a 
method for the recovery of the information about variety 
differences contained in the blocks (groups of varieties), pro-
vided that the experiment has sufficient replications to give 
an adequate estimate of error for the inter-block as well as 
the intra-block comparisons. In a recent article, Yates [16] ' 
has described this method for variety trials arranged in three-
dimensional lattice (cubic lattice) design. He states, "The 
recovery of the inter-block information greatly increases the 
attractiveness of these experimental designs, for when this 
information is utilized they can in no event be appreciably 
less accurate than arrangements in ordinary randomized 
blocks containing all the varieties, and they will of course be 
considerably more accurate if there is any appreciable reduc-
tion in variance resulting from the use of smaller blocks." 
The object of this bulletin is to present the field plans, 
statistical methods, experimental results and mathematical 
theory of two incomplete block designs, the lattice and triple 
lattice, which in addition to the lattice square designs [10] 
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are particularly well adapted to testing large numbers of 
varieties. A new method of analysis is presented in such a 
way that it can be adopted as the standard method of pro-
cedure for lattice and triple lattice experiments. Also, the 
variety means are computed so as to recover the information 
about varieties contained in the blocks. The standard er-
rors used to test the significance of the differences between 
variety means are given for each example. For the triple 
lattice experiment, the use of covariance analysis is illus-
trated. 
LATTICE DESIGNS4 
The construction of lattice designs has been presented by 
Yates [12] and by Goulden [4, 5]. In the lattice designs 
the number of varieties is a perfect square, v = k 2 • To illus-
trate the construction let v = 81, and therefore, k = 9. The 
81 variety identification numbers are arranged in a square: 
1 2 3 4 5 6 7 8 9 
10 11 12 13 14 15 16 17 18 
19 20 21 22 23 24 25 26 27 
28 29 30 31 32 33 34 35 36 
37 38 39 40 41 42 43 44 45 
46 47 48 49 50 51 52 53 54 
55 56 57 58 59 60 61 62 63 
64 65 66 67 68 69 70 71 72 
73 74 75 76 77 78 79 80 81 
These 81 varieties are next arranged in incomplete blocks, 
each block containing nine varieties. There are two groups 
of these blocks, the blocks of one group being so arranged 
that they cut across those of the other group. In one group, 
designated as X, the varieties that are together in a row 
in the square above are put into a block. In group Y, the 
varieties that are together in columns of the square make up 
the blocks. Thus there are nine blocks in a group, each block 
containing nine varieties. The arrangement is as follows: 
Block 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
Group X 
123456789 
10 11 12 13 14 15 16 17-rS 
19 20 21 22 23 24 25 26--27 
28 29 30 31 32 33 34 35 36 
37 38 39 40 41 42 43 44 45 
46 47 48 49 50 51 52 53 54 
55 56 57 58 59 60 61 62 63 
64 65 66 67 68 69 70 71 72 
73 74 75 76 77 78 79 80 81 
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
Group Y 
1 10 19 28 37 46 55 64 73 
2 11 20 29 38 47 56 65 74 
3 12 21 30 39 48 57 66 75 
4 13 22 31 40 49 58 67 76 
5 14 23 32 41 50 59 68 77 
6 15 24 33 42 51 60 69 78 
7 16 25 34 43 52 61 70 79 
8 17 26 35 44 53 62 71 80 
9 18 27 36 45 54 63 72 81 
• Lattice designs have been referred to as pseudo-factorial arrangements in 
two equal groups of sets [12], as two dimensiona l pseudo-factorial experi-
ments with two equal groups of sets [4] and as two dimensional quasi-
factorial designs in randomized blocks in two equal groups of sets (lat-
tice) [14]. 
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For field plans the varieties within the blocks and the 
blocks in the group as well as the groups themselves are ran-
domized. Below is given one random arrangement of groups 
X and Y. 
RANDOM ARRANGIDMENT 
Block Group X 
(c) (1) 27 20 22 26 25 21 23 24 19 
(h) (2)167154 72 71 65 68 70 66 69 
(g)(3) 56 59 62 61 58 55 63 57 60 
(a)(4) 4 9 3 7 6 1 5 2 8 
(f)(5) 53 51 50 47 46 48 49 54 52 
(i) (6) 78 73 80 75 74 77 79 81 76 
(b)(7) 15 18 17 14 11 12 10 16 13 
(d)(8) 28 35 36 29 33 34 30 31 32 
(e)(9) 41 38 42 37 40 44 39 43 .5 
Group Y 
(f)(1) 69 15 78 33 51 24 60 42 6 
(d)(2) 58 22 13 76 31 67 4 49 40 
(b)(3) 29 11 20 2 47 74 56 65 38 
(e)(4) 23 77 6 41 14 68 32 50 59 
(c)(5) 3 75 21 12 66 48 39 57 30 
(1) (6) 36 63 54 81 45 72 27 9 18 
(a)(7) 64 73 10 37 1 46 55 28 19 
(h)(8) 26 53 35 80 44 17 8 71 62 
(g)(9) 70 61 25 43 34 16 52 7 79 
Block (c) in group X has by random selection become block 
(1). Notice that block (1) contains the same varieties as 
block (c) but in a random order. This random arrangement 
within and between the blocks in a group, insuring as it does 
that no variety shall be favored, provides an unbiased esti-
mate of error. For a discussion of the fundamental theory 
and assumptions back of randomization and replications see 
[2]. Grol,lps X and Yare replicated (r) the same number 
of times according to the degree of precision required, each 
replication having a different random arrangement. The 
nine blocks in group X should be kept together in the field 
as a distinct replication. Similarly, the nine blocks in group 
Y should be kept together. By having the varieties in groups 
or complete replications, 
(a) The inter-block comparisons are made as accurate 
as possible. 
(b) The results can be analyzed as a randomized com-
plete block design. This allows one or more varieties to be 
omitted if the experiment has large vanety differences; the 
components of error can be isolated if the experiment has un-
equal variances and the unadjusted varietal means can be 
used for subsidiary meas,urements. 
(c) The gain in precision of the design over a complete 
block design can easily be tested. 
FIELD PLANS 
A brief statement as to the placing of lattice experiments 
in the field follows. For corn where 4 X 5 hill plots are 
used, the field plan for a plot and for block (1) of the random 
arrang~ment of group X is illustrated. 
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Plot D Block (1) XXX} xxxx XXXX X X 27 20 22 X x 
x 
x 
x 26 25 21 
x 
x 
x 
x 
x 23 24 19 
x 
x 
When 2 X 10 hill plots are used, the field plan for a plot and 
for block (1) is illustrated. 
Plot xx Block xx (1) xx 
xx xx xx xx xx xx xx xx xx 
x 
x 
xx x 
xx 27 20 22 26 25 21 23 24 19 
xx x 
xx x 
xx x 
xx x 
xx x 
Plot and block size vary with the experiment, no one size or 
shape being best for all crops on all soils. 
Blocks are placed in the field in succession or in groups on 
land representative of the district where the varieties will 
ultimately be planted. It may be advisable to leave a space 
between two blocks in order to avoid an undesirable spot in 
the field; this is permissible when using lattice arrangements. 
In this respect, the lattice design is more flexible than the lat-
tice square design [10] where the plots must be kept in a 
fixed arrangement. If at all possible, keep the blocks of a 
replication together. A field plan for group X using 4 X 5 
hill plots is given in fig. 1. This gives not only compact 
blocks, but also a replication which is almost square. The 
field plan which has been commonly used for the corn ex-
periments at Iowa State College is given in fig. 2. This field 
plan has the desirable characteristic that the blocks can be 
placed in succession across the field. However, the blocks in 
the same replication may be rather far apart. This reduces 
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the value of inter-block information and also reduces the ac-
curacy of the design if it is analyzed as a randomized com-
plete block arrangement. Therefore, fig. 3 is presented as 
perhaps the best field arrangement when using 2 X 10 hill 
plots. In some of the other lattice designs the blocks will 
not fit into as compact a replication as given in fig. 3. 
It should be noted that the varieties are apportioned into 
blocks in such a way that the comparisons between pairs of 
varieties cannot all be made with equal precision. Compari-
sons between varieties which appear in a block together are 
slightly more accurate than comparisons between varieties 
which have no block in common. 
EXAMPLE OF LA T'l'ICE EXPERIMENT 
In order to illustrate the lattice type of incomplete block 
design which has just been discussed, an experiment used to 
test the yields of 81 double-crosses of corn is presented. All 
of these double-crosses were the hybrids retained from a 
larger number of double-crosses previously tested for 2 or 
more years. Because of this selection, they did not differ 
greatly in yield. The experiment consists of four replica-
tions; replications 1 and 2 are two random arrangements of 
group X, while replications 3 and 4 are two random arrange-
ments of group Y. This gives 36 blocks of 9 plots each; the 
36 blocks are in four replication groups of nine blocks each. 
This lattice design was used in order to place one replica-
tion of groups X and Y on each of two fertility levels. Rep-
lication 1 (group X) and replication 3 (group Y) were grown 
on soil of medium fertility, while replications 2 and 4 were 
grown in a neighboring field on soil of high fertility. A 
preliminary analysis of each field separately gave results 
which justify using all the data in one analysis. A balanced 
lattice square design [10, 14J might have been better if 
there had been enough land of approximately the same fer-
tility available for the five replications required to secure bal-
ance. 
The double-crosses were arranged in the field according to 
the plan (fig. 2) for 2 X 10 hill plots. The field plan is for 
replication 1, with varieties 27, 20, 22, 26, 25, 21, 23, 24 
and 19 in block (1). Block (2) followed adjacent to block 
(1). The blocks of replication 3 were placed directly after 
the blocks of replication 1. Table 1 indicates the random ar-
rangement of the varieties in each block. The varieties are 
indicated by the numbers 1, 2, 3, ... , 81, given in boldface 
type. Since the results are for a single year, the varieties 
are designated by numbers and not by name. Following the 
variety identification, the individual plot yields are presented. 
Block totals are also given in table 1. 
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The variety yields from replications 1 and 2 are collected 
into group X of table 2. That is, for variety 1, 19.5 + 26.4 
= 45.9. Replications 3 and 4 have their variety yields sum-
med in group Y. The totals for rows and columns are given 
for both groups. The combination of the variety yields from 
all four replications appears in table 3. 
TABLE 1. PLOT YIELDS OF THE LATTICE EXPERIMENT. 
(Variety identification in boldface type.) 
Replication 1 (Group X) . 
Block 
Block totals (1) 27 20 22 26 25 21 23 24 19 
27.6 24.3 24.9 25.9 25.2 22.8 24.5 22.9 24.4 222.5 
( 2) 67 64 72 71 65 68 70 66 69 
28.8 29.6 25.2 26.6 27.9 24.0 26.8 26.8 25.2 240.9 
( 3) 56 59 62 61 58 55 63 57 60 
27.0 28.4 30.9 31.4 33.7 29.0 28.7 29.1 27.0 265.2 
(4) 4 9 3 7 6 1 5 2 8 
23.7 21.2 24.1 24.5 25.8 19.5 24.0 23.3 27.1 213.2 
(5) 53 51 50 47 46 48 49 54 52 
27.7 27.3 36.0 31.3 26.8 30.5 25.6 27.8 24.2 257.2 
( 6) 78 73 80 75 74 77 79 81 76 
31.1 33.7 31.7 29.2 31.3 26.8 30.8 31.6 23.7 269.9 
(7) 15 18 17 14 11 12 10 16 13 
28.7 28.2 25.9 28.9 26.5 26.4 27 .3 25.6 26 .2 243.7 
( 8) 28 35 36 29 33 34 30 31 32 
29.4 26.3 23 .3 30.0 25.5 24.3 25.7 24.8 28.1 237.4 
(9) 41 38 42 37 40 44 39 43 45 
25.0 25.4 25.3 24.1 25.0 24.8 24.3 25 .7 23.9 223.5 
2173 .5 
Replication 2 (Group X). 
Block (1) 1 8 9 2 5 3 G 4 7 
26.4 32.8 32.2 31.0 34.9 27.1 32.2 28.0 27.8 272.4 
( 2) 38 45 37 44 43 40 42 41 39 
29 .6 32.1 32.7 33.0 33.0 33.5 31.3 32.5 35.8 293.5 
(3) 66 68 71 69 65 64 72 67 70 
36.7 32.0 34.2 38.6 35.4 38.2 31.6 36.3 38.5 321.5 
(4) 75 80 78 79 74 81 77 73 76 
37.2 34.1 36.1 41.1 39 .4 37.3 32.8 36.2 33.1 327.3 
( 5) 34 32 28 36 33 31 30 35 29 
34.0 36.6 36.6 30.6 31.3 34.8 36.6 35.5 33.8 309.8 
(6) 55 58 56 57 60 61 62 59 63 
33.7 37.0 36.8 35.0 33.5 35.5 38.7 35.1 39.1 324.4 
(7) 16 11 18 14 13 12 10 17 15 
34.1 25.3 30.9 29.7 31.9 29 .7 29.3 25.0 27.3 263.2 
( 8) 47 50 53 46 48 54 51 49 52 
25.5 26.4 24.0 22.7 23.9 28.3 26.9 23.6 28.1 229.4 
(9) 21 20 26 24 22 27 19 25 23 
29.0 28.4 29.8 33.1 33.2 34.5 28 .9 34.4 30.3 281.6 
2623.1 
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TABLE 1. Continued. 
Block 
Replication 3 (Group Y). 
(1) 69 15 78 33 51 24 60 42 6 
29.4 24.9 26.2 28.2 24.5 27.9 24.3 21.8 28.4 235.6 
(2) 58 22 13 76 31 67 4 49 40 
31.9 27.7 29.2 25.3 29.9 32.6 28.5 26.2 29.6 260.9 
(3) 29 11 20 2 47 74 56 65 38 
30.5 27.3 28.3 25 .6 27.9 30.0 31.2 30.3 25.6 256.7 
(4) 23 77 5 41 14 68 32 50 59 
28.1 26.5 25.2 26.2 27.7 27.9 27.7 29.5 28.4 247.2 
(5) 3 75 21 12 66 48 39 57 30 
25.6 28.3 28.9 28.9 33.1 29.8 29.3 32.9 30.0 266.8 
(6) 36 63 54 81 45 72 27 9 18 
24.4 26.9 27.8 27.3 22.3 27.9 26.6 25.7 26.6 235.5 
(7) 64 73 10 37 1 46 55 28 19 
27.4 29.0 29.5 24.4 20.0 24.5 28.7 25 .0 24.8 233.3 
(8) 26 53 35 80 44 17 8 71 62 
26.6 29.0 34.5 32.2 33.9 28.3 32.4 33.8 38.1 288 .. 8 
(9) 70 61 25 43 34 16 52 7 79 
30.6 36.0 36.4 33.6 33.1 33.8 32.1 30.4 39.9 305.9 
2330.7 
Replication 4 (Group Y). 
Block 
(1) 76 13 40 4 49 67 58 31 22 
29.1 29.4 28.5 29.3 24.3 27·5 31.3 28.0 28.0 255.4 
( 2) 2 11 47 65 56 38 29 20 74 
25.1 29.8 29.6 32.6 33.5 30.8 33.4 30.0 39.3 284.1 
(3) 6 42 69 51 33 24 15 60 78 
34.8 35.1 38.4 34.2 33.4 40.4 30.8 36.5 32.4 316.0 
(4) 25 70 43 61 34 7 52 16 79 
35.5 40.5 25.4 36.1 37.4 30.0 34.1 33.3 39.7 312.0 
(5) 3 21 30 48 39 12 57 66 75 
34.5 35.6 36.8 34.3 26.6 39.2 34.1 40.5 33.9 315.5 
(6) 5 77 59 32 68 23 41 50 14 
31.8 30.1 34.0 36.4 32.0 33.9 34.5 41.6 35.7 310.0 
(7) 62 71 80 26 44 35 53 17 8 
38.7 35.0 32.5 34.8 34.1 36.3 33.4 31.6 32.6 309.0 
(8) 46 10 28 55 37 19 1 64 73 
29.6 30.9 38.2 34.6 32.0 34.8 28.3 40.3 36.8 305.5 
(9) 45 54 72 81 27 9 63 18 36 
35.9 38.1 32.1 35.9 34.4 32.9 38.0 34.7 29.4 311.4 
2718.9 
It is assumed that the experimenter is familiar with analy-
sis of variance and the associated tests of significance. Ex-
cellent presentations are given by Fisher [2], by Snedecor 
[8] and by Goulden [5]. The computational details, however, 
are included here so that they can be followed by a computer. 
In the new method of analysis which we present, an esti-
mate of the inter-block variance is made, and adj ustments 
to the variety plot means are calculated so that the inter- and 
intra-block comparisons are weighted according to their rela-
tive precision. 
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TABLE 2. COMBINATION OF REPLICATIONS. 
Group X (Replication 1 + R eplication 2) . 
Row 
totals 
1 2 3 4 5 6 7 8 9 
45.9 54.3 51.2 51.7 58.9 58.0 52.3 59 .9 53.4 485.6 
10 11 12 13 14 15 16 17 18 
56.6 51.8 56.1 58.1 58.6 56.0 59.7 50.9 59.1 506.9 
19 20 21 22 23 24 25 26 27 
53.3 52.7 51.8 58.1 54.8 56.0 59.6 55.7 62.1 504.1 
28 29 30 31 32 33 34 35 36 
66.0 63.8 62.3 59.6 64.7 56.8 58.3 61.8 53.9 547.2 
37 38 39 40 41 42 43 44 45 
56.8 55.0 60.1 58.5 57.5 56.6 58.7 57.8 56.0 517.0 
46 47 48 49 50 51 52 53 54 
49 .5 56.8 54.4 49.2 62.4 54.2 52.3 51.7 56.1 486.6 
55 56 57 58 59 60 61 62 63 
62.7 63.8 64.1 70.7 63.5 60 .5 66.9 69.6 67.8 589.6 
64 65 66 67 68 69 70 71 72 
67.8 63.3 63.5 65.1 56.0 63.8 65.3 60 .8 56.8 562.4 
73 74 75 76 77 78 79 80 81 
69.9 70.7 66.4 56.8 59.6 67.2 71.9 65.8 68 .9 597.2 
Column totals 
528 .5 532.2 529.9 527.8 536.0 529.1 545.0 534 .0 534.1 4796.6 
Group Y (Replication 3 + Replication 4) . 
Row 
totals 
1 10 19 28 37 46 55 64 73 
48.3 60.4 59.6 63.2 56.4 54.1 63.3 67.7 65.8 538.8 
2 11 20 29 38 47 56 65 74 
50.7 57.1 58.3 63.9 56.4 57.5 64 .7 62.9 69 .3 540.8 
3 12 21 30 39 48 57 66 75 
60.1 68.1 64.5 66.8 55 .9 64.1 67.0 73.6 62.2 582.3 
4 13 22 31 40 49 58 67 76 
57.8 58.6 55.7 57.9 58.1 50.5 63.2 60.1 54.4 516.3 
5 14 23 32 41 50 59 68 77 
57.0 63 .4 62 .0 64.1 60.7 71.1 62.4 59.9 56.6 557. 2 
6 15 24 33 42 51 60 69 78 
63.2 55.7 68.3 61.6 56.9 58.7 60.8 67.8 58.6 551.6 
7 16 25 34 43 52 61 70 79 
60.4 67.1 71.9 70.5 59.0 66.2 72.1 71.1 79.6 617.9 
8 17 26 35 44 53 62 71 80 
65.0 59.9 61.4 70. 8 68.0 62.4 76.8 68.8 64 .7 597.8 
9 18 27 36 45 54 63 72 81 
58.6 61.3 61.0 53.8 58.2 65 .9 64.9 60 .0 63.2 · 546.9 
Column totals 
521.1 551.6 562.7 572.6 529.6 550.5 595.2 591.9 574.4 5049.6 
CALCULATIONS FOR THE ANALYSIS OF VARIANCE. 
The calculations necessary for the analysis of variance and 
adj ustments to the varietal means are as follows. 
The correction term (c) is the square of the total divided 
by the total number of plots: 
c= 
(984621' 
= 299,221.16 324 
The total sum of squares is obtained by adding the squares 
of the individual plot yields, table 1, and subtracting the cor-
rection term: 
15 
(27.6)2 + (24.3)' + ... + (29.4)2 - 299,221.16 = 6708.9 0 
The sum of squares for replications is 
(2173.5)2 + (2623.1 )2 + (2330.7)' + (2718.9) 2 
81 
301,596.74 - 299,221.16 = 2375.58 
c= 
The sum of squares for varieties (ignoring blocks) is ob-
tained by adding the squares of the variety totals in the cells 
in table 3, dividing by the number of plots added to give the 
variety totals, and subtracting the correction term: 
(94.2)' + (105.0)' + ... + (132.1)2 
-c= 
4 
301,375.83 - 299,221.16 = 2154.67 
TABLE 3. VARIETY TOTAL YIELDS. 
Row 
totals 
1 2 3 4 5 6 7 8 9 
94.2 105.0 111.3 109.5 115.9 121.2 112.7 124.9 112.0 1006.7 
10 11 12 13 14 15 16 17 18 
117.0 108.9 124.2 116.7 122.0 111.7 126.8 110.8 120.4 1058.5 
19 20 21 22 23 24 25 26 27 
112.9 111.0 116.3 113.8 116.8 124.3 131.5 117.1 123.1 1066.8 
28 29 30 31 32 33 34 35 36 
129.2 127.7 129.1 117.5 128.8 118.4 128.8 132.6 107 .7 1119.8 
37 38 39 40 41 42 43 44 45 
113 .2 111.4 116.0 116.6 11 8.2 113.5 117.7 125.8 114.2 1046.6 
46 47 48 49 50 51 52 53 54 
103.6 114.3 118.5 99.7 133.5 112.9 118.5 114.1 122.0 1037.1 
55 56 57 58 59 60 61 62 63 
126.0 128.5 131.1 133.9 125.9 121.3 139.0 146.4 132.7 1184.8 
64 65 66 67 68 69 70 71 72 · 
135.5 126.2 137.1 125.2 115.9 131.6 136.4 129.6 116.8 1154.3 
73 74 75 76 77 78 79 80 81 
135.7 140.0 128.6 111.2 116.2 125.8 151.5 130.5 132.1 1171.6 
Column totals 
1067.3 1073.0 1112.2 1044.1 1093.2 1080.7 1162.9 1131.8 1081.0 9846.2 
The sum of squares for blocks (eliminating varieties) is 
made up of two components as follows: 
Component (a) consists of two sets of differences in yield 
between paired blocks, 
Block totals SetX B lock totals Set Y 
Rep. 1 Rep. 2 Differences Rep. 3 Rep. 4 Differences 
222.5 281.6 
-59.1 235.6 316 .0 -80.4 
240.9 321.5 
-80.6 260.9 255.4 5.5 265.2 324.4 
-59.2 256.7 284.1 -27.4 213.2 272.4 
-59.2 247.2 310.0 -62.8 257.2 229.4 27.8 266.8 315.5 -48.7 
269.9 327.3 
-57.4 235.5 311.4 -75.9 243.7 263.2 
-19.5 233.3 305.5 -72.2 237 .4 309.8 
-72.4 288.8 309.0 -20.2 223.5 293.5 
-70.0 305.9 312.0 - 6.1 
2173 .5 2623 .1 ~449 .6 2330.7 2718 .9 -388.2 
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These two sets of differences are computed fl'om the sums 
of the blocks containing the same group of nine varieties. 
In replication 1, block (1) contains varieties 27, 20, 22, 26, 25, 
21, 23, 24 and 19. These same nine varieties appear in an-
other random order in block (9) of replication 2. It is clear 
that such sets of differences can be computed only in those 
lattice experiments which have four or more replications. 
The sums of squares of the deviations of these two sets of 
differences give the variance for paired blocks. The divisors 
are 2k (18) and 2k2 (162).5 . 
For set X 
(59.1 )2 + (80.6) 2 + . .. + (70.0) 2 
18 
(449.6)2 
162 
For set Y 
1754.89 - 1247.78 = 507.11 
(80.4) 2 + (5.5)2 + ... + (6.1) 2 
18 
1387.76 - 930.24 = 457.52 
(388.2)2 
162 
Summary of component (a) 
Set X 
Set Y 
Between .paired blocks 
Degrees of 
freedom 
8 
8 
16 
Sum of 
squares 
507 .11 
457 .52 
964.63 
The total sums of squares of set X and set Y is the sum of 
squares between paired blocks. 
Component (a) is secured with fewer operations by sum-
ming the squares of the differences in sets X and Y, then 
subtracting the two corrections. Thus: 
(59.1)2 + (80.6)2 + ... + (6.1 )2 
18 
(449.6) 2 + (388.2) ' 
162 
3142.65 - 2178 .02 = 964.63 
• For six replications there are three columns of block totals for each set. 
Component (a) for set X is calculated by analysis of variance, as follows: 
R eplica tlons 2 
Set X totals (k - 1) 
Component (a) or interaction , 2(k -1) 
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Component (b) consists of two sets of differences giving 
an estimate of block yield freed of varietal effects. In table 
2 in both group X and group Y the row totals are combina-
tions of two block totals from table 1. That is, for group X 
the first row total comes from block (4) in replication 1 and 
from block (1) in replication 2. 
213.2 + 272.4 = 485.6 
These totals cannot be used directly to compute block sum 
of squares because they also contain varietal effects. The 
above total (485.6) contains only varieties 1, 2, ... ,9. How-
ever, an estimate of the sum of these nine varieties is given 
in the first column total of group Y. This estimate is un-
confounded with blocks, since each block is equally repre-
sented in the total. Hence, an estimate of block effect freed 
from varietal differences is given by, 
485.6 - 521.1 = -35.5 
Later, these values are to be uS'ed to calculate the adjust-
ments necessary to evaluate the varietal means. In mak-
ing these adjustments, the block effects must clearly be 
subtracted, since a variety which occurs in a set of good 
blocks should have its mean yield reduced to make it com-
parable to the other variety means. However, since it is 
more convenient in computation to add the block effect cor-
rection terms, we compufe their negative values, designated 
in table 4 as rkcx and rkcy, rand k being respectively the 
number of replications and number of plots per block. The 
reversed signs of the differences do not affect the sum of 
squares. 
The rkcx and rkcy values may be calculated in either of 
two ways, 
rkcx = column total of group Y - row total of group X 
or rkcx = row total of table 3 - 2 (row total of group X) 
rkcy = column total of group X - row total of group Y 
or rkcy = column total of table 3 - 2 (row total of group Y) 
As an illustration, the first row total (table 3) is 1006.7 and 
the first row total of group X (table 2) is 485.6. The first 
rkcx value is, therefore, 
1006.7 - (2) (485.6) = 35.5 
The sum of the eighteen rkcx and rkcy values is equal 
to o. 
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T ABLE 4. rkc VALU ES. 
rkcx 
3 5.5 . 
44.7 
58. 6 
25.4 
12.6 
63. 9 
5. 6 
29 .5 
-22.8 
253 .0 
rkcy 
'-10.3 
- 8.6 
- 5 2. 4 
11.5 
-21.2 
-22. 5 
-72.9 
-63.8 
-12.8 
-253.0 
The sums of squares of the deviations of these two sets of 
rkc values give an estimate of the variance between blocks 
(eliminating varieties). The divisors are rk (36) and rk2 
(32-4) • 
The sum of squares for component (b) is, therefore, 
(35 .5 )2 + (44 .7)2 + ... + <12. 8)2 
36 
(2 53 0)2 + (2530) 2 
324" 
737.87 - 395.12 = 342.75 
The foregoing results are brought together in table 5, the 
analysis of variance of the lattice experiment. 
T ABLE 5. ANALYSIS OF V ARI ANCE OF L ATTICE E XPERIMENT. 
Deg rees of Sum of Mean 
Source of v a r iation f r eed om squa r es squa r e 
R eplications 3 23 75.58 791.860 
Com pon en t (a ) 1 6 964 .63 
Compon en t ( b) 16 3 42.75 
Block s (elimina ting varieties) --3-2 1307.38 40.85 6 
Va rie ties (ignoring blocks) 80 21 5 4.67 
Error (intra -b lock) 208 871. 27 4.1 89 
Tota l 323 6708.90 
TEST OF S I GNIFICANCE. 
If there is any question about the significance of the dif-
ferences among the variety means, a test should be made. 
The test appropriate to the inter-block analysis is given in 
the mathematical theory for lattice designs, section 6. How-
ever, a less precise test, easily made, is usually adequate. 
The lattice experiment is treated as a randomized complete 
block design, the variation among the smaller, incomplete 
blocks being included in experimental error. Clearly, if the 
varieties are adjudged significantly different with this esti-
mate of error, the testing need be carried no further. Table 
5 contains all the data needed for the analysis of variance 
given in table 6; the sums of squares and degrees of freedom 
for blocks and error are added, and the sums of squares and 
degrees of freedom for replications and varieties remain the 
same. 
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TABLE 6. ANALYSIS OF VARIANCE AS RANDOMIZED COMPLETE 
BLOCKS. 
Degrees of Sum of Mean 
Source of variation freedom squares square 
Replications 3 2375.58 791.860 
Varieties (ignoring blocks) 80 2154.67 26.933 
Error 240 2178.65 9.078 
Total 323 6708.90 
The test of significance of variety differences: 
F = 26.933/9.078 = 2.97** 
Since the value of F indicates highly significant differences 
among the mean yields of the varieties in this experiment, 
no further test is necessary. It is proper to interpret the 
differences among the variety yields as due in part to some 
inherent qualities of the varieties. If the yields of the va-
rieties in an experiment do not give a significant F-value, 
caution should be used before claiming significance for in-
dividual comparisons. 
VARIETY MEANS. 
In the method of analysis being presented, the variety 
means are calculated by using both the inter- and intra-block 
variance. To obtain the variety mean yields by the old 
method, two sets of corrections, Cx and Cy, were calculated. 
Having recovered the inter-block information by the new 
method of analysis, better estimates of variety means are 
secured by weighting Cx and Cy giving cx' and Cy'. These 
corrections are added to the averages computed from table 3 
to get the variety means free from block effects. 
The weighting factor is w"+ w:, where 
w w 
w = liE, w' = 3/(4B -E) 
E, B6 being respectively the error and block mean squares 
in table 5. This expression is true only for four replications, 
the formulas for two and six replications being given in the 
mathematical theory of lattice designs, section 2. For the 
present example, 
. 1 1 
w = E = 4.189 = .23872 
and w' = 4B 1 E = 4(40.856~ -4.189 = .01884 
6 If B is less than or equal to E . it is assumed that there are no real dif-
ferences between blocks and no adjustments for blocks are necessary. In 
this case the averages in table 7 are the corr ect variety means. 
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The value of the weighting factor is 
w - w' = .21988 = .8537 
w + w ' .25756 
The rkcx and rkcy values given in table 4 are weighted 
to secure the cx' and Cy' corrections. 
w-w' 
Cx' = rk(w + w ') rkcx = .023714 rkcx 
cy ' = .023714 rkcy 
The first cx' is 
(.023714) (35.5) = .8418 
In table 7 are given the averages corresponding to the 
variety totals of table 3. That is, each cell total of table 3 
is divided by 4 and the resulting value is entered in table 7. 
For example, (94.2) / 4 = 23.550. 
The cx' values are placed at the side of table 7 and the Cy ' 
values at the bottom. Each unconfounded variety mean is 
secured by adding to the variety average the proper cx' and 
Cy' values. Thus, the mean for variety 1 is 23.550 + 0.8418 
- 0.2443 = 24.15. The variety means are given in table 8. 
ST ANDARD ERRORS OF THE DIFFEREN9ES BETWEEN VARIETY 
MEANS. 
The intra-block error mean square in table 5 is the estimate 
of the uncontrolled variance (S2) of a single plot. Using S2, 
we can find out which of the differences between variety yield 
values are large enough to be regarded as real. 
1. The standard error of the differences between the 
means of two varieties occurring in the same block is 
. 12S' [ 2w + (k-1) ] = 
'\J rk w + w' 
(2)(4.189) [ (2)(.23872) + (9-1) ] 
(4) (9) .23872 + .01884 . 
= \j 2.2930 = 1.51 
2. Similarly, the standard error of the differences between 
the means of two varieties which do not occur in the same 
block is 
~2S' [ 4w ] --,---;- + (k - 2) = 
rk w + w' 
(2)( 4.189) [ (4)(.23872) + (9 _ 2) ] 
(4) (9) .23872 + .01884 
\j2.4917 = 1.58 
TABLg 7. AVgRAGgS AND e' VALUES. 
ex' 
1 :23.550 2 26.250 3 27.825 4 27.375 5 :28.975 6 :30.300 7 :28.175 8 :31.225 9 :28.000 0.8418 
10 :29.250 11 27.225 12 31.050 13 29.175 14 :30.500 15 :27.925 16 :31.700 17 :27.700 18:30.1 00 1.0600 
19 :28.225 20 27.750 21 29 .075 22 28.450 23 :29.200 24 :31.075 25 :32.875 26 :29.275 27 :30.775 1.3896 
28 :32.300 29 31.925 30 32.27,5 31 29.375 32 :32.200 33 :29 .600 34 :32.200 35 :33.150 36 :26 .925 0.6023 
37 :28.300 38 27.850 39 29 .000 40 29.150 41 :29.550 42 :28.375 43:29.425 44 :31.450 45 :28.550 0.2988 
46 :25.900 47 28.575 48 29.625 49 24.925 50 :33.375 51 :28.225 52 :29. 625 53 :28.525 54 :30.500 1.5153 
55 :31.500 56 32.125 57 32.775 58 33.475 59 :31.475 60 :30.325 61 :34.750 62 :36.600 63 :33. 175 0.1328 
64 :33.875 65 31.550 66 34.275 67 31.300 68: 28.975 69 :32.900 70 :34.100 71 :32.400 72 :29.200 0.6996 
73 :33.925 74 35.000 75 32.150 76 27.800 77 :29.050 78 :31.450 79 :37.875 80 :32.625 81 :33.025 -0.5407 
ey ' -0.2443 -0.2039 -1.2426 0.2727 -0.5027 -0.5336 -1.7288 -1.5130 -0.3035 
"" .... 
TABLE 8. VARIETY MgANS. 
(pounds per plot) 
1 24.15 2 26.89 3 27.42 4 28.49 5 29.31 6 30.61 7 :27.29 8 :30.055 9 :28.54 
10 30.07 11 28.08 12 30.87 13 30.51 14 31.06 15 28.45 16 :31.03 17 :27.25 18 :30.86 
19 29.37 20 28.94 21 29.22 22 30.11 23 30.09 24 31.93 25 :32.54 26 :29 .1 5 27 :31.86 
28 32.66 29 32.32 30 31.63 31 30.25 32, 32.30 33 29.67 34 :31.07 35 :32.24 36 :27.22 
37 28.35 38 27,94 39 28.06 40 29.72 41 29.35 42 2,8.14 43 :28 .00 44 :3 0.24 45 :28 .55 
46 27 .17 47 29.89 48 29.90 49 26.71 50 34.39 51 29 .21 52 :29.41 53 :28.53 54 :31. 71 
55 31.39 56 32.05 57 31.67 58 33.88 59 31.11 60 29.92 61 :33. 15 62 :35.22 63 :33.00 
64 34.33 65 32.05 66 33 .73 67 32.27 68 29.17 69 33.07 70 :33.07 71 :31.59 72 :29.60 
73 33 .14 74 34.26 75 30.37 76 27.53 77 28.01 78 30.38 79 :35.61 80 :30.57 81 :32 .1 8 
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3. The mean standard error of all comparisons is 
~ 282 [ 4w ] 
r(k -+ 1) w + w' + (k -1) = 
(2)(4.189) [ (4)(.23872 ) + (9-1)] = 2 522=157 
(4) (10) .Z3872 + .01884 V .4 . 
Ordinarily, this latter variance may be used for all com-
parisons without appreciable error. 
Variety 8 with a yield of 30.55 lbs. per plot is a standard 
variety. To test the significance of the difference between 
the means of varieties 8 and 81 which do not occur together 
in an incomplete block, 
d = 32.18 - 30 .. 55 = 1.63 
1.63 
t = 1.58 = 1.03, 
not a significant difference. 
PRECISION OF LATTICE EXPERIMENT. 
(a) Without recovery of inter-block information. 
The error variance which resulted by analyzing our ex-
ample as a randomized complete block arrangement was 9.078 
(table 6), whereas the intra-block error variance was 4.189 
(table 5). These figures cannot be directly compared to as-
sess the relative accuracy of the two types of designs, since 
some replication was sacrificed in the later to obtain the re-
duction of block size. We may, however, legitimately com-
pare the average variance of the difference between two 
varietal means for the two designs. For the randomized 
complete block design in four replications, this is 2v Ir = 
2(9.078) / 4, and for the lattice design, it is ( ~ ) i~! ~~ (4.189). 
An explanation of this factor (k + 3) 1 (k + 1) is given by 
Yates [12]. The ratio of these two variances is 
(2 /4) (9.078) 4.5390 
(2/4) (12/ 10) (4.189) = 2.5134 = 181 percent, 
an 81 percent gain in precision. 
(b) With recovery of inter-block information. 
The average variance of the difference between two 
varietal means for the lattice design given in 3 of the pre-
ceding section is 2.4522. For the randomized complete block 
design in four replications, this is 4.5390. Assuming the 
precision obtainable in the complete block design as 100 
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4.5390 percent, 2.4522 = 185 percent was obtained with the lattice 
design, representing a gain of 85 percent. 
The reduction of block size from 81 to 9 plots per block 
has resulted in a notable increase in precision, a gain of 81 
percent when inter-block information is ignored and a gain 
of 85 percent with the recovery of inter-block information. 
So small a percent increase obtained by using inter-block 
variance is due to the fact that in this experiment the varia-
tion between blocks is very large. 
TRIPLE LATTICE DESIGNS7 
If a group (Z) is added to the groups X and Y of the lat-
tice design, this new design is called a triple lattice. When 
k is a prime number or a power of a prime, this process of 
adding more orthogonal groups can be continued until all 
possible groups are used, the result being a balanced set of 
groups [10, 14]. 
If the number of varieties is a perfect square, it is always 
possible to superimpose a Latin square arrangement on the 
square of variety numbers. Given below is a Latin square 
for the nine Latin letters, A, B, ... , 1. 
AIHGFEDCB 
BAI HGFEDC 
CBAI HGFED 
DCBAI HGFE 
EDCBAI HGF 
FEDCBAI HG 
GFEDCBAI H 
HGFEDCBAI 
IHGFEDCBA 
Superimpose this Latin square on the square of variety num-
bers which was used when constructing the lattice design. 
Put the numbers corresponding to the Latin letter A in the 
first of a new group of blocks, and the numbers correspond-
ing to B in the second. This process gives the nine blocks of 
group Z. 
Group Z 
Block (a) 1 11 21 31 41 51 61 71 81 
(b) 10 20 30 40 50 60 70 80 9 
(c) 19 29 39 49 59 69 79 8 18 
(d) 28 38 48 58 68 78 7 17 27 
(e) 37 47 57 67 77 6 16 26 36 
(f) 46 56 66 76 5 15 25 35 45 
(g) 55 65 75 4 14 24 34 44 54 
(h) 64 74 3 13 23 33 43 53 63 
(i) 73 2 12 22 32 42 52 62 72 
• The triple lattice designs have been called two-dimensional pseudo-fac-
torial arrangements in three groups of sets forming a Latin square [12]. 
two-dimensional pseudo-factorial experiments with three groups of sets 
[4] and two-dimensional quasi-factorial designs in ran.domized block!!! In 
three equal groups of sets forming a Latin square (triple lattice) [14]. 
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This group Z together with groups X and Y make up the 
triple-lattice arrangement. The three groups of blocks bear 
the same orthogonal relationship to one another, every block 
of each group containing only one variety from every block 
of each of the other two groups. The randomization is the 
same as that for the lattice design; that is, the plots in each 
block, the blocks in each group and the groups are arranged 
at random. Groups X, Y and Z comprise three replications. 
This design can be arranged in six or nine replications by 
using other random arrangements of the three groups. How-
ever, if there is sufficient land in one field to allow five replica-
tions the balanced arrangement should be used. 
EXAMPLE OF TRIPLE LATTICE EXPERIMENT 
The triple lattice design is illustrated by a yield test of 81 
double-crosses of corn. These double-crosses had been previ-
ously tested for 2 or more years and represent the best of a 
large number of experimental combinations. In this experi-
ment, groups X, Y and Z together were put in each of two 
neighboring fields of different productivity, making a total 
of 54 blocks with 9 plots in each block. Each group of nine 
blocks was kept together in a complete replication. The plots 
consisted of 20 hills arranged in 2 rows of 10 hills each. The 
arrangement in each field (fig. 2), was similar to the one used 
for the lattice experiment just illustrated, except for the ad-
dition of the Z group of blocks. 
The yield and number of missing hills for the individual 
plots and for the blocks are presented in table 9. The table 
indicates the random order of the varieties in each block. 
The varieties are identified by the numbers 1, 2, 3, ... , 81, 
given in boldface type. The numbers of missing hills are 
indicated in italics. When there were no missing hills in the 
individual plots, the space is left blank. 
The experimental results for each field were first analyzed 
separately, giving results which justify using all the data in 
one analysis. Therefore, the sum of the variety yields and 
the sum of the number of missing hills from replications 1 
and 2 are recorded in order by rows in group X of table 10. 
In replication 1, block (4) contains varieties 4, 9, 3, 7, 6, 1, 5, 
2 and 8. Their yield values and their numbers of missing 
hills are added to those in block (1) of replication 2, which 
contains the same varieties but in another random order. 
For variety 1 the yield is 19.5 in replication 1 and 26.4 in 
replication 2, giving 45.9, the first value in group X of table 
10. The sums of replications 3 and 4 are recorded by columns 
in group Y. Replications 5 and 6 give group Z. The row 
totals, which are the sums of two block totals, are given at 
the right-hand side for each group. The sums of the variety 
yields and the sums of the number of missing hills for all 
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TABLE 9. PLOT YIELDS AND MISSING HILLS OF T RIPLE LATTICE 
EXPERIMENT. 
(Variety identification in boldface type.) 
Block 
Block 
(1) 27 20 22 
27.6 24.3 24.9 
Replication 1 (Group X). 
26 25-2 21-1 23 24 
25.9 24.4 22.5 24.5 22.9 
totals MIssing 
19 3 hills 
24.4 221.4 . Yield 
(2) 67 64 72 71 65 
28.8 29.6 25.2 26.6 27.9 
(3) 56 59 62 61 58 
27.0 28.4 30.9 31.4 33.7 
(4) 4 -1 9 3 7 6 
23.3 21.2 24.1 24.5 25 .8 
(5) 53 51 50 47 46 
27.7 27.3 36.0 31.3 26.8 
(6) 78 73 80 75 74 
31.1 33.7 31.7 29.2 31.3 
(7) 15 18 17-1 14-1 11 
28.7 28.2 25.5 28.5 26.5 
(8) 28 35 36 29 33 
29.4 26.3 23 .3 30.0 25.5 
68 
24.0 
55 
29.0 
1 
19.5 
48 
30.5 
77 
26.8 
12 
26.4 
34 
24.3 
70 66 
26.8 26.8 
63 57 
28.7 29.1 
5 2 
24.0 23 .3 
49-1 54 
25.2 27.8 
79 81 
30.8 31.6 
10 16-1 
27.3 25.2 
30 31 . 
25.7 24.8 
69 0 
25.2 240.9 
60 0 
27.0 265.2 
8 1 
27.1 212.8 
52 1 
24.2 256.8 
76-3 3 
22.6 268.8 
13 3 
26.2 242.5 
3 2 0 
28.1 237.4 
(9) 41 38 42 37 40 44 39 43 45 0 11 
25.0 25.4 25.3 24.1 25.0 24.8 24.3 25 .7 23.9 223.5 2169.3 
Block Replication 2 (Group X) 
(1) 1 8 9 2 5 3 -2 6 4 7 2 
26.4 32.8 32.2 31.0 34.9 26.3 32.2 28.0 27.8 271.6 
(2) 38 45-1 37-1 44 43 40 4 2 41 39 2 
29.6 31.6 32.2 33.0 33.0 33.5 31.3 32.5 35.8 292.5 
(3) 66 68-1 71-1 69 65-3 64-1 72-2 67 70 8 
36.7 31.5 33.7 38.6 33.8 37.6 30.7 36.3 38.5 317.4 
(4) 75-1 80-1 78 79 74 81-2 77-2 73-2 76 8 
36.6 33.6 36.1 41.1 39.4 36.2 31.8 35.1 33.1 323.0 
(5) 34 32 28 36-1 33 31 30 35-1 29 2 
34.0 36.6 36.6 30.1 31.3 34.8 36.6 35.0 33.8 308.8 
(6) 55 58 56 57 60 61 62 59-1 63 1 
33.7 37.0 36.8 35.0 33.5 35.5 38.7 34.6 39.1 323.9 
(7) 16-2 11-5 18-6 14-.' 13-5 12 10 17 15 21 
33.0 23.4 28.1 28.4 29.5 29.7 29.3 25.0 27.3 253.7 
(8) 47-1 50 53 46 48 54-1 51-1 49-3 52-2 8 
25.1 26.4 24.0 22.7 23.9 27.9 26.5 22.5 27.3 226.3 
(9) 21 20 26 24 22 27 19-2 25 23-2 4 56 
29.0 28 .4 29.8 33.1 33.2 34.5 28.0 34.4 29.4 279.8 2597.0 
Block 
(1) 69 
29.4 
Replication 3 (Group Y) 
15-3 78-3 33 51 24 60-1 42-1 6 8 
23.8 25.0 28.2 24.5 27.9 23.9 21.5 28.4 232.6 
(2) 58 22 13 76-2 31-1 67 4 49 40 3 
31.9 27.7 29.2 24.5 29.5 32.6 28 .5 26.2 29.6 259.7 
(3) 29 11 20 2 47 74 56-3 65-4 38-1 8 
30.5 27.3 28.3 25.6 27 .9 30.0 29.8 28.5 25.2 253.1 
(4) 23 77 5 41 14 68 32 50 59-1 1 
28.1 26.5 25.2 26.2 27.7 27.9 27.7 29.5 28.0 246.8 
(5) 3 75-1 21 12 66 48-3 39 57-1 30 5 
25.6 27.9 28.9 28.9 33.1 28.5 29.3 32.4 30.0 264.6 
(6) 36 63 54 81 45-3 72 27 9 18 3 
24.4 26.9 27.8 27.3 21.3 27.9 26.6 25.7 26.6 234.5 
(7) 64-3 
26.2 
(8) 26-1 
26 .2 
(9) 70-2 
29 .7 
73 10 37 1 46 55-1 
29.0 29.5 24.4 20.0 24.5 28 .3 
53-2 35 80 44 17-4 8 
28.1 34.5 32.2 33.9 20.6 32.4 
61 2 5 43 34 16 52 
ao.o 36.4 33.6 33.1 33.8 32.1 
28-1 19 5 
24.6 24.8 231.3 
71 62 7 
33.8 38.1 285.8 
7 79 2 
30.4 39.9 305.0 U 2313.4 
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T ABLE 9. Continu ed . 
R eplication 4 ( Group Y) 
Block 
Block 
( 1) 76-! 
28.2 
13 40 4 49 67 58 
29.4 28.5 29.3 24.3 27.6 31.3 
t otals Missing 
31 22 2 hills 
28.0 28.0 254.6 Y ield 
(2 ) 2-4 
23.6 
11 47-1 65 56 38-1 29-3 
29.8 29.2 32. 6 33.5 30.3 31.9 
20-4 74 111 
28.2 39.3 278.4 
(3) 6 42 69 51 33 24 15 60 
34.8 35.1 38.4 34.2 33.4 40.4 30.8 36.5 
(4) 25 70 43-3 61 34 7 52 16-2 
36.6 40.5 24.3 36.1 37.4 30.0 34. 1 32. :1 
(6) 3-1 21-1 30-1 48-4 39-7 12-1 57-4 66-3 
34.0 35.1 36.2 32.2 23.8 38.6 32.1 38.7 
(6) 5-1 77-2 59-3 32-2 68 23-1 41 50 
31.3 29.2 32.6 35.3 32.0 33.4 34.5 41. 6 
(7) 62-1 71 80 26 44 35-lJ 53 17 
38.1 35.0 32.5 34.8 34.1 35.2 33.4 31.6 
(8) 46-lJ 10-4 28 -2 5 5-5 37 19 1-1 64 
28.7 29.0 37.1 32.0 32.0 34.8 27.9 40 .3 
78-1 1 
31. 9 316.5 
79 5 
39.7 309.9 
75-3 25 
32.4 303.1 
14 9 
35.7 306.5 
8 -1 4 
32.1 306.8 
73 14 
36.8 298.6 
(9) 45 54-1 7 2-1 81 27 9 63 18 36-1 3 7 6 
36.9 37.5 31.6 35.9 34.4 32.9 38.0 34.7 29.0 309.9 2682.2 
Block 
Replication 5 (Group Z ). 
(1) 5 5 34 75 65 24 4 54 44 14 0 
31.0 306.7 39.1 32.5 32.2 36.0 35.1 32.0 35.3 33 .. 6 
(2) 29-1 18 59 39 49 79 69 8 19-1 2 
31.0 30.6 32.9 29.6 29.8 34.6 31.6 28.0 29.3 277.4 
(3) 11 81 1 31 21 61 51 71-3 41-1 4 
31.7 30.2 23.4 31.7 29.4 32.2 2.8.4 28.9 27.9 263.8 
(4) 78 68 58 4 8 27 7 38 28 17 0 
30.6 28.1 30.0 29.0 27.9 24.3 25.1 29.5 27.6 252. 1 
(5) 3 5 66 15 5-11 45-3 46-3 76-1 25 56 9 
2'7.0 30.2 25.9 23.5 22.3 23.2 23.8 29.0 26.9 231.8 
(6) 43 63 13 3 74 23 33 53 64 0 
23.8 27.0 20.7 20.1 22.8 27.2 24.9 30.1 34.0 230.6 
(7) 60 · 40 80 10 20 70-1 9 50 30 1 
27.6 27.4 27.7 25.9 25.0 28.3 24.8 31.4 25.0 243.1 
(8) 67 6 36 4 7 16 26 37 77 57 0 
28.4 23.8 25.7 29.2 24.9 30.2 27.1 29.7 30.4 249.4 
(9) 22 12 42 52 32 72 73 2-1 62 1 1 7 
27.4 28.9 26.7 27.9 29.0 30.4 30.4 19.4 31.4 251.5 2306. 4 
R eplication 6 (Group Z) 
Block 
(1) 31 1 81 41 61 11 51 71 21 0 
34.2 30.0 33 .3 30.6 34.2 32.4 34.2 38.5 33.5 300.9 
(2) 74 23 13-! 33-! 53-11 3 43 64 63-4 10 
40.0 35.0 34.9 31.1 31.5 31.5 36.1 39.7 32.6 312.4 
(3) 49 29 69 59 39 79 8 19 18 0 
31.9 38.2 35.2 37.5 31.8 39 .. 5 32.5 32.4 34.5 313.5 
(4) 77 16 37 67 36 47 26 57 6 0 
33.4 33.4 32.5 36.2 31.5 31.4 36.4 38.0 29.7 302.5 
(5) 3 4 5 5 44 75 14 24 54 4 65 0 
32.4 37.6 33.6 32.0 32.0 33.4 34.5 28.0 36.1 299.6 
(6) 22-11 72-2 62-l! 12-ll 2-1 32 73 52 42 9 
29.9 29.6 32.4 30.0 27.5 32.5. 37.8 28.3 31.5 279.5 
(7) 20 40 9 70 80-3 60 50 30 10 3 
32.1 31.0 26.0 32.0 20.4 17.5 33.0 28.6 31.5 262.1 
(8) 25 45 76 35 
30.1 30.5 33.0 32.5 
66 56 
35.0 36.4 
5 15-1 46 1 
32.0 31.3 26.8 286.6 
(9) 27 28 68 78 
35.6 33 .6 33.0 32.5 
17 58 
31.4 37.7 
7 38 48 0 
33.1 35.0 35.5 307.3 
U 
2654.4 
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T ABLE 10. COMBIN A TION OF R E PLICATIONS. 
Grou p ·X (Replications 1 and 2) Row 
totals 
1 2 3-2 4-1 5 6 7 8 9 S 
45.9 54.3 50.4 51.3 58.9 58.0 52.3 59 .9 53.4 484.4 
10 11-5 12 13-5 14-4 15 16-3 17-1 18-6 24 
56.6 49.9 56.1 55.7 56.9 56.0 58.2 50.5 56.3 496.2 
19-2 20 21-1 22 23-2 24 25-2 26 27 7 
5 2.4 52. 7 51.5 58.1 53.9 56.0 58.8 55.7 62.1 501.2 
28 29 30 31 32 33 34 35-1 36-1 2 
66.0 63.8 62.3 59 .6 64.7 56.8 58.3 61.3 53.4 546.2 
37-1 38 39 40 41 42 43 44 45-1 2 
56.3 55.0 60.1 58.5 57.5 56.6 58.7 57.8 55.5 516.0 
46 47-1 48 49-$ 50 51-1 52-2 53 54-1 9 
49.5 56.4 54.4 47.7 62.4 53.8 51.5 51.7 55.7 483.1 
55 56 57 58 59-1 60 61 62 63 1 
62.7 63.8 64.1 70.7 63.0 60.5 66.9 69.6 67.8 589.1 
64-1 65-3 66 67 68-1 69 70 71-1 72-1! 8 
67.2 61.7 63.5 65 .1 55.5 63.8 65.3 60.3 55.9 558.3 
73-2 74 75-1 76-3 77-2 78 79 8()'1 81-2 11 67 
68.8 70.7 65.8 55.7 58.6 67.2 71.9 65.3 67 .8 591.8 4766.3 
1-1 1().4 
47.9 58.5 
2-4. 11 
49.2 57.1 
Group Y (Replication s 3 and 4). 
19 28-3 37 46-2 55-6 64-3 73 19 
59.6 61.7 56.4 53.2 60.3 66.5 65.8 529 .9 
2().4 29-S 38-2 47-1 56-3 65-4 74 111 
56.5 62.4 55.5 57.1 63.3 61.1 69.3 531.5 
3-1 12-1 21-1 3()'1 39-7 48-7 57-5 66-3 75-4 30 
59.6 67.5 64.0 66.2 53.1 60.7 64.5 71.8 60.3 567.7 
4 13 22 31-1 40 49 58 67 76-4 5 
57.8 58.6 55.7 57.5 58.1 50.5 63 .2 60.1 52.7 514.2 
5-1 14 23-1 32-2 41 50 59-4 68 77-2 10 
56.5 63.4 61.5 63.0 60.7 71.1 60.5 59.9 55.7 552.3 
6 15-3 24 33 42-1 51 6()'1 69 78-4 9 
63.2 54.6 68.3 61.6 56.6 58.7 60.4 67.8 56.9 548.1 
7 16-2 25 34 43-3 52 61 7()'1l 79 7 
60.4 66.1 71.9 70.5 57.9 66.2 72.1 70.2 79.6 614.9 
8-1 17-4 26-1 35-2 44 53-2 62-1 71 80 11 
-64.5 58.2 61.0 69.7 68.0 61.5 76.2 68 .8 64.7 592.6 
9 18 . 27 36-1 45-3 54-1 63 72-1 81 6 118 
58.6 61.3 61.0' 53.4 57.2 65.3 64.9 59 .5 63.2 544.4 4995.6 
Group Z (Replications 5 and 6) 
1 11 21 31 41-1 51 61 71-3 
53.4 64.1 62.9 65.9 58.5 62.6 66.4 67.4 
10 20 30 40 50 60 7()'1 80-3 
57.4 57.1 53.6 58.4 64.4 45.1 60.3 48.1 
81 4 
63.5 564.7 
9 4 
50.8 495.2 
19-1 29-1 39 49 59 69 79 8 18 II 
·61. 7 69 .2 61.4 61.7 70.4 66.8 74.1 60.5 65.1 590.9 
28 38 48 58 68 78 7 17 27 0 
63.0 60.1 64.5 67.7 61.1 63.1 57.4 59.0 63 .5 559.4 
.37 47 57 67 77 6 16 26 36 0 
59.6 60.6 68.4 64.6 63.1 53.5 58.3 66.6 57.2 551.9 
·46-3 56 66 76-1 5-2 15-1 25 35 45-3 10 
50.0 62.3 65.2 56.8 55.5 57.2 59.1 59.5 52.8 518.4 
55 65 75 4 14 24 34 44 54 0 
76.7 72.1 64.2 60.0 63.0 68.5 64.9 67.1 69.8 606.3 
64 74 3 13-2 23 33-2 43 53-2 63-4 10 
73.7 62.8 51.6 55.6 62.2 56.0 59.9 61.6 59.6 543.0 
73 2 -2 12-! 22-2 32 42 52 62-2 72-2 1 0 40 
68.2 46.9 58.9 57.3 61.5 58.2 56.2 63.8 60.0 531.0 4960.8 
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TABLE 11. VARIET Y TOTAL YIELDS AND TOT AL N UMBE R OF 
MISSING HILLS . · 
Row 
totals 
1 -1 2 ·6 3-3 4-1 5 -3 6 7 8 -1 9 1 5 
147.2 150.4 161.6 169.1 170.9 174.7 170.1 184.9 162.8 1491.7 
10-4 11-5 12-3 13-7 14-4 15-4 16-5 17-5 18-6 43 
172 .5 171.1 182.5 169.9 183.3 167.8 182.6 167.7 182.7 1580.1 
19-3 20-4 21-2 22-2 23-3 24 25-2 26-1 27 1 7 
173.7 166.3 178.4 171.1 177.6 192.8 189.8 183.3 186.6 1619.6 
28·3 29-4 30-1 31-1 32-2 33-2 34 35-3 36-2 18 
190.7 195.4 182.1 183.0 189.2 174.4 193.7 190.5 164.0 1663.0 
37-1 38-2 39-7 40 41-1 42-1 43-3 44 45-7 211 
172.3 170.6 174.6 175.0 176.7 171.4 176.5 192.9 165.5 1575.5 
46-5 47-2 48-7 49-4 50 51-1 52-2 53-4 54-2 27 
15 2.7 174.1 179.6 159.9 197.9 175 .1 173.9 174.8 190.8 1578.8 
55-6 56-3 57-5 58 59-5 60-1 61 62-3 63-4 27 
199.7 189.4 197.0 201.6 193.9 166.0 205.4 209.6 192.3 1754.9 
64-4 65-7 66-3 67 68-1 69 70-3 71-4 72-5 27 
207.4 194.9 200.5 189.8 176.5 198.4 195.8 196.5 175.4 1735.2 
73-2 74 75-5 76-8 77-4 78-4 79 80-4 81-$ 29 
202.8 202.8 190.3 165.2 177.4 187.2 225.6 178.1 194.5 1723.9 
Column totals 
$9 
.'3 9 6 23 113 13 15 25 118 225 
1619.01615.0 1646.61584.61643.4 1607.8 1713.4 1678.3 1614.614722.7 
Latin let ter 
totals 
1 -1 11·5 21-2 31-1 41-1 51 61 71-4 81-2 17 
147.2 171.1 178.4 183.0 176.7 175.1 205.4 196.5 194.5 1627.9 
10-4 20-4 30-1 40 50 60-1 70-3 80-4 9 17 
172.5 166.3 182.1 175.0 197.9 166.0 195.8 178.1 162.8 1596.5 
19-3 29-4 39-7 49-4 59-5 69 79 8 -1 18-6 30 
1'13.7 195.4 174.6 159.9 193.9 198.4 225.6 18 4.9 182.7 1689.1 
28-,' 38-2 48-7 58 68-1 78-4 7 17-5 27 llll 
190.7 170.6 179.6 201.6 176.5 187. 2 170.1 167.7 186.6 1630.6 
37-1 47-2 57-5 67 77-4 6 16-5 26-1 36-2 20 
172.3 174.1 197.0 189.8 177.4 174.7 182.6 183.3 164.0 1615.2 
46-5 56-3 66-3 76-8 5-3 15-4 25-2 35-3 45-7 38 
152.7 189.4 200.5 165.2 170.9 167.8 189.8 190.5 165.5 1592.3 
55-6 65-7 75-5 4-1 14-4 24 34 44 54-2 25 
199.7 194.9 190.3 169.1 183.3 192.8 193.7 192.9 190.8 1707.5 
64-4 74 3 -3 13-7 23-3 33-2 43-S 53-4 63-4 30 
207.4 202.8 161.6 169.9 177.6 174.4 176.5 174.8 192.3 1637.3 
73·2 2-6 12-3 22· 2 32-2 42-1 52-2 62·3 72·5 26 
202.8 150.4 182 .5 171.1 189.2 171.4 173.9 209 .6 175.4 1626.3 
U5 
14722.7 
six replications appear in table 11. These are set up in two 
ways in order to give the t hree sets of marginal totals, those 
for rows, columns and Latin letters. 
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An examination of the original field data, as given in table 
9, shows that the missing hills appeared in spots. In no case 
is the damage so severe as to make the data of questionable 
value, but some allowance should be made for the missing 
hills, provided these are accidental and not varietal effects. 
This difficulty may be handled by covariance analysis of num-
ber of missing hills on yield or by using on the original plot 
yields an arbitrary correction factor (suggested by previous 
experience) for the number of missing hills. The yield values 
are first analyzed without any correction for missing hills to 
illustrate the new method of analysis when only a single 
variable is used. Later, a covariance analysis is given. 
CALCULATIONS FOR THE ANALYSIS OF VARIANCE. 
The calculations necessary for the analysis of variance and 
the varietal means are given below. 
The correction term is 
(14,722.7)2 
c = 486 = 446,003.90 
The total sumof squares is 
(27.6)2 + (24.3)2 + . .. + (35.5)2 - C = 
455,654.05 - 446,003.90 = 9650.15 
The sum of squares for replications is 
(2169.3)2 + (2597.0)2 + ... + (2654.4)2 
81 
448,908.74 - 446,003.90 = 2904.84 
c= 
The sum of squares for varieties (ignoring blocks) is ob-
tained by adding the squares of the sub-totals in table 11, di-
viding by the number of replications, and subtracting the 
correction term. 
(147.2)2 + (150.4)2 + ... + (194.5)2 
6 
448,786.95 - 446,003.90 = 2,783.05 
c= 
In a triple lattice experiment having six replications, the 
sum of squares for blocks (eliminating varieties) is made 
up of two components as follows: 
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Component (a) consists of three sets of differences in 
yield between paired blocks, 
(Yield) 
SetX Set Y SetZ 
Block totals Dlffer- Block totals Differ- Block totals Differ-
Rep. 1 Rep. 2 ences Rep. 3 Rep. 4 ences Rep. 5 Rep. 6 ences 
221.4 279.8 -58.4 232.6 315.5 -82.9 306.7 299.6 7.1 
240.9 317.4 -76.5 259.7 254.5 5.2 277.4 313.6 -36.1 
265.2 323.9 -68.7 253.1 278.4 -25.3 263.8 300.9 -37.1 
212.8 271.6 -58.8 246.8 305.5 -58.7 252.1 307.3 -56.2 
256.8 226.3 30.5 264.6 303.1 -38.5 231.8 286.6 -54.8 
268.8 323 .0 -64.2 234. 5 309 .9 -75.4 230.6 312.4 -81.8 
242.5 263.7 -11.2 231.3 298.6 -67.3 .243.1 252.1 - 9.0 
237.4 308.8 -71.4 285.8 306.8 -21.0 249.4 302.6 -63.1 
223.5 292.5 -69.0 305.0 309.9 - 4.9 251.6 279.5 -28.0 
2169.3 2597.0 -427.7 2313.4 2682.2 -368.8 2306.4 2654.4 -348.0 
These three sets of differences are from the sums of the 
blocks containing the same group of nine varieties. Since 
block (1) in replication 1 contain,s varieties 27, 20, 22, 26, 
25, 21, 23, 24 and 19 with a total yield of 221.4 lbs., and since 
these same nine varieties are in another random order in 
block (9) of replication 2, with a total of 279.8 lbs., the first 
difference in set X is 221.4 - 279.8 = - 58.4. Such sets of 
differences can only be obtained in those triple lattice ex-
periments which have one or more complete replications of 
groups X, Y and Z. 
The sums of squares of the deviations of these three sets 
of differences give the variance for paired blocks. The di-
visors are 2k (18) and 2k2 (162) 8. 
The sum of squares for component (a) is 
(58.4)2 + (76.5)2 + ... + (28.0)2 
18 
(427.7)2 + (368.8)2 + (348.0)2 
162 
4017.84 - 2716.33 = 1301.51 
Component (b) consists of three sets of values used to 
give an estimate of block differences freed from varietal ef-
fects. In group X (table 10) the row totals are combina-
tions of two block totals from table 9. The first row total 
of group X is 
212.8 + 271.6 = 484.4 
Since these totals contain varietal effect as well as block 
8 For nine replications there are three columns of block totals for each set. 
Component (a) for set X is calculated by analysis of variance, as follows: 
Replications 2 
Set X totals (k - 1) 
Component (a) or Interaction 2 (k - 1) 
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effect, they are not used to compute block sum of squares. 
The above total (484.4) contains only the plot yields for va-
rieties 1, 2, ... ,9. An unconfounded estimate of the sum 
of these nine varieties is given in the total (517.7) for the 
first column of group Y and in the total (489.6) for these 
nine variety yields in group Z. An estimate of block effect 
freed from varietal differences is given by 
2(484.4) - (517.7) - (489.6) =-38.5 
This same value can-more conveniently be secured by taking 
three times the group X row totals (table 10) minus the row 
totals of table 11. 
3(484.4) -1491.7 = -38.5 
These values are also to be used to calculate the adjust-
ments necessary to evaluate the varietal means. For reasons 
given in analysis of lattice experiment (page 17) their nega-
tive values are computed and designated as 2rkcx, 2rkcy and 
2rkcz in table 12. The change in sign does not affect the 
sum of squares. 
The 2rkcx, 2rkcy and 2rkcz values are calculated as fol-
lows: 
2rkcx = row total of table 11- 3(row total of group X) 
2rkcy = column total of table 11- 3 (row total of group Y) 
2rkcz = Latin letter total of table 11- 3 (row total of group Z) 
TABLE 12. 2rkc VALUES FOR YIELD. 
2rkc. 2rkcy 2rkc, 
38.5 29.3 - 66.2 
91.5 20.5 110.9 
116.0 - 56.5 - 83.6 
24.4 42.0 
- 47 .6 
27.5 - 13.5 - 40.5 
129.5 - 36.5 37.1 
- 12.4 -131.3 -111.4 
60.3 - 99.5 8.3 
- 51.5 - 18.6 33.3 
423.8 -264.1 -159.7 
The sum of all the above 2rkc values is equal to 0, 
423.8 + (-264.1) + (-159.7) = 0 
The sums of squares of the deviations of these three sets 
of values give an estimate of the variance between blocks 
(eliminating varieties). The divisors are 2rk (108) and 2rk2 
(972) . 
The sum of squares for component (b) is 
(38.5)2 + (91.5) ' + ... + (33.3) ' 
108 
(423.8)2 + (264 .1)' + (159.7)2 
972 
1163.43 - 282.78 = 880.65 
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The results are now summarized in table 13, the analysis 
of variance of the triple lattice experiment. 
TABLE 13. ANALYSIS OF VARIANCE OF TRIPLE LATTICE 
EXPERIMENT. 
(Yield). 
Degrees of Sum of Mean 
Source of variation freedom squares square 
Replications 5 2904.84 680.968 
Component (a) 24 1301.61 
Component (b) 24 880.65 
Block (eliminating varieties) 48 2182.16 45.462 
Varieties (ignoring blocks) 80 2783.05 
Error (intra-block) 352 1780.10 5.057 
Total 485 9650.15 
TEST OF SIGNIFICANCE. 
As in the lattice design, the test appropriate to the inter-
block analysis involves additional computation. If the sums 
of squares for blocks and error in table 13 are added, the 
resulting mean square, based on 400 degrees of freedom, 
may be used to test the variety mean square in table 13. 
This test is equivalent to analyzing the experiment as ran-
domized complete blocks. This gives a close approximation 
to the correct test if the block mean square in table 13 is 
not much greater than the error mean square. 
TABLE 14. ANALYSIS OF VARIANCE AS RANDOMIZED COMPLETE 
BLOCKS. 
D egrees of Sum of Mean 
Source of variation freedom squ ares square 
Replications 5 2904.84 680.968 
Varieties (ignoring blocks) 80 2783.05 34.788 
Error 400 3962.26 9.906 
Total 485 9650.15 
The test of significance of variety differences: 
F = 34.788/9.906 = 3.51" 
Since there are highly significant differences among the 
mean yields of these varieties, no further test is necessary 
for this experiment. If, however, the F-value does not quite 
reach significance, and if the block mean square in table 13 
is above the error mean square, the precise test, as given in 
the mathematical theory, is needed. 
VARIETY MEANS. 
To obtain the variety means, three sets of corrections, cx', 
Cy' and cz' are calculated. These are obtained from the cx, 
Cy and Cz values (secured from table 12), by multiplying 
them by a weighting factor. 
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The weighting factor is 2~: +;:) , where 
w = l i E, w' = 5/(6B -E) 
E and B being the error and block mean squares in table 
13. The formulas for 3 and 9 replications are given in the 
mathematical theory of triple lattice designs, section 2. For 
this example, 
1 1 
W = E"= 5.057 = .19775 
5 5 
and w' = 6B _ E 6 (45.462) _ 5.057 = .01868 
The value of the weighting factor is 
2(w-w') 
2w+w' .8647 
To secure the variety mean yields, solve for the weighted 
correction terms. 
, 1 2(w-w') 
C-x = 2rk (2w + w') (2rkcx ) = .0080065 (2rkcx ) 
cy ' = .0080065 (2rkcy ) 
and cz ' = .0080065 (2rkcz) 
The first cx' is 
(.0080065) (38.5) = .3082 
The variety mean yields can now be secured by using the 
totals of the yield values in table 11. These values are di-
vided by six, the number of replications, and the averages 
entered into table 15. That is, for variety 1, 14~.2 = 
24.5333, the average yield per plot. The weightecr correc-
tions (c') are placed with table 15, the cx' values at the end 
of the rows, the Cy' values at the bottom of the columns, and 
the cu,' values are tabulated for convenience along the bot-
tom of . the table with their identification letters. Following 
the variety identifications, which are in boldface type, enter 
the Latin letters from the Latin square used in making group 
Z of the triple lattice designs. The variety mean yields are 
now secured by adding to each value in table 15 its appropri-
ate cx', Cy' and cz' values. 
Mean yield of variety 1 = 24.5333 + .3082 + .2346 - .5300 = 24.5461 
Mean yield of variety 2 = 25.0667 + .3082 + .1641 + .2666 = 25.8056 
The variety mean yields are given in table 16. When the 
variety means have all been computed, they can be checked 
thus: 
6(sum of means) = grand total. 
TABLE 15. AVERAGES AND c' VALUES. 
(Yi eld) 
l A 2 1 3 H 4 G 5F 6 E 7 D 8C 9 B cX ' 
24.5333 25. 0667 26.9333 28.1833 28.4833 29.1167 28.3500 30.8167 27. 1333 .30 82 
lO B 11 A 12 1 13 H 14 G 15 F 16 E 17D 18 C 
28.7500 28.5167 30. 4167 28.3167 30.5500 27.9667 30.4333 27.9500 30.4500 .7 326 
19 C 2G B 21 A 22 1 23H 24 G 25 F 26E 27D 
28.9500 27.7167 29.7333 28.5167 29.6000 32.1333 31.6333 30.5500 31.1000 .9288 
28 D 29 C 30 B 31 A 32 1 33 H 34 G 35F 36 E 
31. 7833 32.5667 30.3500 30.5000 31.5333 29.0667 32.2833 31. 7500 27. 3333 .1954 
37 E 38 D 39 C 40 B 41 A 42 1 43 H 44 G 45F 
28.7167 28.4 333 29. 1000 29.1667 29.450 0 28.5667 29.4167 32.1500 27.5833 .2202 
46 F 47E 48 D 49 C 50 B 51 A 52 1 53H 54 0' 
25.4500 29.0167 29.9333 26.6500 32.9833 29.1833 28.9833 29.1333 31.8000 1.0368 
55 G 56 F 57 E 58 D 59 C 60 B 61 A 621 63 H 
33.2833 31.5667 32.8333 33.6000 32.3167 27.6667 34.2333 34.9333 32.0500 -.0993 
64 H 65. G 66 F 67 E 68 D 69 C 70 B 71 A 721 w 34.5667 32.4833 33.4167 31.6333 29.4167 33.0667 32.6333 32.7500 29.2333 .4828 .... 
73 1 74 H 75 G 76 F 77 E 78 D 79 C 80 B 81 A 
33.8000 33.8000 31.7167 27.5333 29.5667 31.2000 37.6000 29.6833 32.4167 -.41 23 
Cy' .2346 .1641 -.4524 .3363 - .1081 -.2922 -1.0513 -.7966 -.1489 
A B C D E F G H 1 
cz' -.5300 .8879 -.6693 - .3811 -.3243 .2970 - .8919 .066 5 .2666 
TABLE 16. VARIETY MEANS. 
(pou n ds per p lot) . 
1 :24.55 2 :25.81 3 :26.86 4 :27.94 5 :28.98 6 :28.81 7 :27.23 8 :29.66 9 :28.18 
10:30.61 11 :28.88 12 :30.96 13 :29.45 14:30.,28 15 :28.70 16 :29.79 17: 27.50 18 :3 0.36 
19 :29.44 20 :29.70 21 :29.68 22 :30.05 23 :30.49 24 :31.88 25 :31.81 26 :30.36 27 :31.50 
28 :31.83 29 :32.26 30 :30.98 31 :30.50 32 :31.89 33 :29.04 34 :30 .. 54 35 :31. 45 36 :27. 06 
37 :28.85 38 :28.44 39 :28.20 40 :30.61 41 :29. 03 42 :28.76 43 :28.65 44 :30.68 45 :27.95 
46 :27.02 47 :29.89 48 :30.14 49 :27.35 50:34.80 51 :29.40 52 :29.24 53 :29.44 54 :31.80 
55 :32.53 56 :31.93 57 :31.96 58 :33.46 59 :31.44 60 :28. 16 61 :32.5'5 62 :34.30 63 :31.87 
64 :35.35 65 :32.24 66 :33.74 67 :32.13 68 :29.41 69 :32.59 70 :32.95 71 :31.91 72 :29.83 
73 :3'3.89 74 :33.62 75 :29.96 76 :27.75 77 :28.72 78 :30.11 79 :35.47 80 :29.36 81 :31.33 
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STANDARD ERRORS OF THE DIFFERENCES BETWEEN VARIETY 
MEANS. 
Using s2(5.057), table 13, the standard errors for variety 
mean differences are calculated. 
1. The standard error of the differences between the mean 
yields of two varieties occurring in the same block of one of 
the groups is 
. / 2s2 [ 6w + (k 2) ] = ./2 (5.057) [ (6)(.19775) + 7] \J-rk 2w + w ' - \J (6) (9) (2) (.19775) -t- .01868 . 
= V 1.8477 = 1.36 
2. The standard error of the differences between the 
mean yields of two varieties which do not occur in the same 
block in any group is 
. 1282 [ 9w ] \J-rk 2w + w ' + (k-3) = 2(5.057) [ (9) (.19775) ] (6) (9) (2) (.19775) + .01868 + 6 
= V 1.9286 = 1.39 
3. The mean standard error of all comparisons is 
. 1 2(5 .057 ) 
\J (6) (10) 
~ 28" [ 9w ] 
r(k + 1) 2w + w' + (k - 2) = 
[ (9) (.19775) ]--(2) (.19775) + .01868 + 7 = V 1.9043 = 1.38 
Variety 10 with a yield of 30.61 lbs. per plot is considered 
a standard variety. To test the significance of the difference 
between the means of varieties 10 and 50, 
d = 34.80 - 30.61 = 4.19 
t = 4.19 = 3 08** 
1.36 . 
a highly significant difference. 
PRECISION OF TRIPLE LATTICE EXPERIMENT. 
In field plot experimental work the size of the block is 
flexible. Therefore, it is quite important to have some idea 
of the relative precision of experiments using blocks of dif-
ferent sizes. 
The error variance which resulted by analyzing the triple 
lattice design as a randomized complete block arrangement 
was 9.906 (table 14). The average variance of the differ-
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ence between two varietal means is 2v Ir = 2 (9.906) 16 = 
3.302 for the randomized complete block design and 1.9043 
for the triple lattice design. This gives 1~:00423 = 173 per-
cent, a gain of 73 percent by the recovery of inter-block 
variance and by reducing the block size from 81 to 9 plots per 
block. 
COVARIANCE ANALYSIS OF TRIPLE LATTICE 
EXPERIMENT 
The covariance technique which offers a method of adjust-
ing yields on the basis of number of missing hills is illus-
trated by use of data in tables 9, 10 and 11. The SUfi" of 
squares for number of missing hills and the cross products 
-of yield by number of missing hills are now computed. 
The correction terms are 
Missing hills C, = (~~~)2 = 104.1667 
Y · ld X .. h'll - (14,722.7) (225) - 681606 ' Ie mlssmg I s C2 - 486 - . 
The total sums of squares and cross products are 
Missing hills 
(2)2 + (1) 2 + ... + (1)2 - c, = 623.0000 - 104.1667 = 518.8333 
Yield X missing hills 
(24.4) (2) + (22 .5) (1) + ... + (31.3) (1) - c2 
6495.6000 - 6816.0648 = -320.4648 
Note that most of the plots, those in which there are no 
italic numbers, have no missing hills. 
The sums of squares and cross products for replications in 
table 9 are 
Missing hills 
(11)2 + (56) 2 + ... + (23)2 
81 -C, = 
143.3950 - 104.1667 = 39.2283 
Yield X missing hills 
(2169.3) (11) + (2597.0) (56) + .. . + (2654.4) (23) 
81 
7,044.0037 - 6816.0648 = 227.9389 
- C2 = 
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The sums of squares and cross products for varieties (ig-
noring blocks) are obtained by using the sub-totals in table 
11: 
Missing hills 
(1)2 + (6)2 + ... + (2)2 
6 -C, = 
165.5000 -:- 104.1667 = 61.3333 
Yield X missing hills 
(147.2) (1) + (150.4) (6) + ... + (194 .5) (2) 
6 -c2 = 
6731.9500 - 6816.0648 = -84.1148 
Component (a), the three sets of differences in number 
of missing hills between paired blocks, 
(Number of missing hills) 
Set X Set Y Set Z 
Block totals Differ· Block totals Differ- Block totals Differ-
R e p. 1 R e p. 2 ences Rep. 3 Rep. 4 ences Rep. 5 Rep. 6 ences 
3 4 -1 8 1 7 0 0 0 
0 8 -8 3 2 1 2 0 2 
0 1 -1 8 13 -5 4 0 4 
1 2 -1 1 9 -8 0 0 0 
1 8 -7 5 25 -20 9 1 8 
3 8 -5 3 3 0 0 10 -10 
3 21 -18 5 14 -9 1 3 -2 
0 2 -2 7 4 3 0 0 0 
0 2 -2 2 5 -3 1 9 - 8 
11 56 -45 42 76 -34 17 23 -6 
These three sets of differences were computed in the same 
manner as the yield differences. 
The sums of squares and cross products for component (a) 
are 
Missing hills 
(1)2 + (8)2 + . .. + (8)2 
18 
Yield X missing hills 
(45)2 + (34)' + (6)2 = 55.8642 
162 
(--58.4) (-1) + (-76.5) (-8) + ... + (-28.0) (-8) 
18 
(-427.7) (-45) + (-368.8) (-34) + (-348.0) (-6) = -38.1414 
162 
Component (b) consists of three sets of differences be-
tween totals giving an estimate of block differences freed 
from varietal effects. A discussion of the methods for se-
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curing these differences is given in the corresponding sec-
tion of the analysis of variance of yield. 
The 2rkex, 2rkey and 2rkez values (given in table 17) 
for number of miss.ing hills are calculated as follows: 
2rkex = row total of table 11 - 3 (row total of group X) 
2rkey = column total of table 11 - 3 (row total of group Y) 
2rkez = Latin letter total of table 11 - 3 (row total of group Z) 
TABLE 17. 2rke VALUES FOR NUMBER OF MISSING HILLS. 
2rkex 2rkey 2rkez 
6 -28 5 
-29 -30 5 
-4 -54 24 
12 8 22 
16 -7 20 
0 -14 8 
24 -6 25 
3 -8 0 
-4 10 -4 
24 -129 105 
The sum of the 2rkex, 2rkey and 2rkez values is equal to 
zero, 
24 + (-129) + 105 = 0 
The sums of squares and cross products of the deviations 
of these three sets of values give an estimate of variance be-
tween blocks (eliminating varieties). The divisors are 2rk 
(108) and 2rk2 (972). 
The sums of squares and cross products for component (b) 
are 
Missing hills 
(6)2 + (29)2 + ... + (4)2 
108 
Yield X missing hills 
(24)2 + (129)2 + (105)2 = 56.2963 
972 
(38 .5) (6) + (91.5)(-29) + . . . + (33.3)(-4) 
108 
(423.8) (24) + (-264.1) (-129) + (-159.7) (105) = -68.7353 
972 
ANALYSIS OF VARIANCE OF NUMBER OF MISSING HILLS. 
The analysis of variance for number of missing hills is 
summarized in table 18. 
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TABLE 18. ANALYSIS OF VARIANCE OF TRIPLE LATTICE 
EXPERIMENT. 
Source of variation 
Replica tions 
Component (a) 
Component (b) 
(Number of missing hUls) 
Degrees of 
freedom 
24 
24 
5 
55.8642 
56.2963 
Sum of 
squares 
39.2283 
Mean 
square 
Blocks (eliminating varieties) 
Varieties (ignoring blocks) 
Error (intra-block) 
48 
80 
352 
112.1605 
61.3333 
306.1112 
2.3367 
.8696 
Total 485 518.8333 
In this case, a precise test of the significance of the differ-
ences among the variety means is required. The test appro-
priate for inter-block analysis is given in the mathematical 
theory of triple lattice designs, section 5. The mean square 
for varieties is 0.6431 as compared to the intra-block error 
mean · square of .8696, which indicates that the number of 
missing hills is not a variety characteristic. 
ANALYSIS OF COVARIANCE. 
The covariance results are brought together in table 19. 
TABLE 19. ANALYSIS OF COVARIANCE OF TRIPLE LATTICE 
EXPERIMENT. 
Sums of squares and products Errors of estimate 
Source Degrees No. of Degrees 
of of missing Yield Sum of Mean 
variation freedom hills of free-
Sx' Sxy Sy' 
squares dom square-
Total 485 518.8333 -320.4648 9,650.15 
Replica tions 5 39.2283 227.9389 2,904.84 
Component (a) 24 (55.8642) (-38.1414) (1,301.51) 
Component (b) 24 (56 .2963) (-68.7353) (880.65) (eliminating 
varieties) 
Blocks (elimi- 48 112.1605 -106.8767 2,182.16 
nating varieties) 
Varieties (ignor- 80 61.3333 - 84.1148 2,783.05 
ing blocks) 
1362.79 351 3.883 Error (intra·block) 352 306.1112 -357.4122 1,780.10 
Block + error 400 418.2717 -464.2889 3,962.26 3446.89 399 
Regression block means 2084.10 48 43.4U 
To find the mean square for blocks adjusted to an average 
number of missing hills, compute the residual sum of squares 
for error + block, and from this subtract the residual sum 
of squares for error. For a detailed description of this pro-
cedure see [8]. 
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The residual sum of squares for error is 
S 2 _ (Sxy)2 = 178010 _ (-357.4122)' 
y Sx' ,. 306.1112 1,362.79 
This value is entered in table 19 under the errors of estimate 
sum of squares for error. 
The residual sum of squares for block + error is 
396226 - (-464.2889)' = 344689 
,. 418.2717 ,. 
The mean square for blocks adjusted to an average number 
·of missing hills is 43.419 as compared with 45.462 (table 13) 
before adjusting. The error variance of yield has been re-
duced from 5.057 to 3.883. 
VARIETY MEANS. 
To compute the variety means adj usted for missing hills, 
the regression coefficients for both blocks and intra-block 
-error are to be considered. 
The block regression coefficient is 
b = Sxy = -106.8767 = -.9529 
Sx' 112.1605 
while that for error is 
-357.4122 = -11676 
306.1112 . 
Since the two coefficients are quite similar, the error re-
gression coefficient is used to adjust both intra- and inter-
block estimates to obtain yield means adjusted for number 
of missing hills. 
The equation for yield means adjusted to the mean num-
ber of missing hills is 
Yield mean (adjusted) = y, - b (x, - x) 
= y, + 1.1676(x, - .4630) 
= y, + 1.1676 X, - .5406 
where YI is the average yield (table 15) and XI is the aver-
age number of missing hills (table 20) for each variety. x 
is the mean number of missing hills for all plots. 
TABLE 20. AVERAGE NUMBER OF MISSING HILLS. 
1 :0.1667 2 :1.0000 3 :0.5000 4 :0.1667 5 :0.5000 6 :0.0 7 :0.0 8 :0.1667 9 :0. 0 
10:0.6667 11 :0.8333 12 :0.5000 13 :1.1667 14:0.6667 15 :0.6667 16 :0.8333 17 :0.8333 18 :1.0000 
19 :0.5000 20 :0.6667 21 :0.3333 22 :0.3333 23 :0.5000 24 :0.0 25 :0.3333 26 :0.1667 27 :0.0 
28 :0.5000 29 :0.6667 30 :0.1667 31 :0 .1667 32:0.3333 33 :0.3333 34 :0.0 35 :0.5000 36 :0.3333 
37 :0.1667 38 :0.3333 39 :1.1667 40 :0.0 41 :0.1667 42 :0.1667 43:0.5000 44 :0.0 45 :1.1667 
46:0.8333 47 :0.3333 48 :1.1667 49 :0.6667 50 :0.0 51 :0.1667 52:0.3333 53 :0.6667 54 :0.3333 
55 :1.0000 56 :0.5000 57 :0 .8333 58 :0.0 59 :0.8333 60 :0.1667 61 :0.0 62 :0.5000 63 :0.6667 
64 :0.6667 65 :1.1667 66 :0.5000 67 :0.0 68 :0.1667 69 :0.0 70:0.5000 71 :0.6667 72 :0.8333 
73:0.3333 74 :0.0 75 :0.8333 76 :1.3333 77 :0.6667 78 :0.6667 79 :0.0 80 :0.6667 81 :0.3333 
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The variety average yield and number of missing hills are 
substituted in the equation to give the variety yield means 
.adjusted for number of missing hills. For example, the yield 
mean adjusted for number of missing hills for variety 1 is 
Yield m ean (adjusted) variety 1 = 24.5333 + 1.1676 (.1667)-.5406 
= 24.1873 
These variety means are recorded in table 21. 
To obtain the weighted variety means adjusted for num-
ber of missing hills, three sets of corrections, vx, Vy and Vz 
are calculated. These corrections are obtained from the cx, 
'Cy, Cz and the ex, ey, ez values, by using the regression co-
-efficient and a weighting factor. The Vx values are 
1 2(u-u ') 
vx = 2rk 2u + u ' (2rkcx - b2rkex) 
2(u-u' ) 
where 2u + u ' is the weighting factor using the inter-
block information 
1 1 
u = 'F = 3.883 = .25753 
5 
. a nd u ' = 6B' _ E ' -::-7"-::--,,",,,,,,,5_--::-~ = . 0 19 48 6 (43 .419) - 3.883 
E ' and B' are the error and block mean squares for yield 
.after they have been adjusted to an average number of miss-
ing hills (table 19). 
The value of the weighting factor is 
2(u - u ') = .8907 
2u + u ' 
This method of weighting ignores the sampling variance of 
the regression coefficient, which would require consideration 
when using smaller designs. 
The v values are computed using the 2rkc values of table 
12 and the 2rke values of table 17. 
1 2 (u - u ' ) 
vx = 2rk 2u + u ' (2rkcx + 1.1676 2rkex ) 
= .008247 (2rkcx + 1.1676 2rkex) 
'The first Vx value is 
( .008247 ) [38 .5 + (1.1676) 6] = .3753 
TABLE 21. YIELD MEANS ADJ USTED FOR NUMBER OF MI SSING H I LLS. 
l A 2 1 3 H 4 G 5 F 6 E 7 D S C 9 B VZ 
24.1873 25.6937 26.9765 27.8373 28.5265 28.5761 27.8094 30.4707 26.5927 .3753 
lO B 11 A 12 I 13 H 14 G 15 F 16 E . 17 D lS C 
28.9878 28.9491 30.4599 29.1383 30.7878 28.2045 30.8657 28.3824 31.0770 .47 54 
19 C 20 B 21 A 22 I 23 H 24 G' 25 F 26 E 27D 
28.9932 27.9545 29.5819 28.3653 29.6432 31.5927 31.4819 30.20 40 30.559 4 .9181 
2S D 29 C 30 B 31 A 32 I 33 H 34 G 35F 36E 
31.8265 . 32.8045 30.0040 30.1-540 31.3819 28.9153 31. 7 427 31. 79 32 27. 1819 .3 168 
37 E 3S D 39 C 40 B 41 A 42 I 43 H 44 G 45 F 
28.3707 28.2819 29 .9216 28.6261 29.1040 28.2207 29.4599 31.6094 28.4049 .3809 
46 F 47 E 4S D 49 C 50 B 51 A 52 I 53 H 54 G 
25.8824 28.8653 30.7549 26.8878 32.4427 28.8373 28.8319 29.37 11 31.6 48 6 1.0 680 
55 G 56 F 57 E 5S D 59 C 60 B 61 A 62 1 63 H 
33.9103 31.6099 33.2657 33.0594 32.7491 27 .3207 33 .6927 34.9765 32.2878 .1288 
64 H 65 G 66 F 67 E 6S D 69 C 70 B 71 A 721 
34.8045 33:3049 33.4599 31.0927 29.0707 32.5261 32.6765 32.9878 29.6657 .5262 
73 I 74 H 75 G 76 F 77 E 7S D 79 C SO B Sl A .... 
33.6486 33.2594 32.1491 28.5495 29.8045 31.4378 37.0594 29.9211 32.2653 - .46 32 w 
VY - .02 80 --. 119 8 - .9859 .4234 - .1787 -.4358 -1.1406 -.8976 - .0571 
A B C D E F G H 1 
v. -.4978 .9627 -.4583 -.1807 -.1414 .3830 - .6780 .0684 .2361 
TABLE 22. VARIETY MEANS. 
(Pounds per plot). 
1 :24.04 2 :26.19 3 :26.43 4 :27.96 5 :29.11 6 :28.37 7 :26 .86 8 :29.49 9 :27.8 7 
10:30.40 11 :28.81 12 :30.19 13 :30.11 14 :30.41 15 :28.63 16 :30.0 6 17:27.78 lS :31.0 4 
19 :29.42 20 :29.72 21 :29.02 22 :29 .94 23 :30.45 24 :31.40 25 :31.64 26 :30.08 27 :31. 24 
2S :31.93 29 :32.54 30:30.30 31 :30.40 32:31.76 33 :28.86 34 :30.24 35 :31.6 0 . 36 :27.3 0 
37 :28.58 3S :28.36 39 :28.86 40 :30.39 41 :28.81 42 :28.40 43 :28.77 44 :30.41 45 :2 9.11 
46 :27.31 47 :29.67 48 :30.66 49 :27.92 50 :34.29 51 :28.97 52 :29.00 53 :29.61 54 :31.9 8 
55 :33.33 56 :32.00 57 :32.27 58 :33.43 59 :32.24 60 :27.98 61 :32.18 62 :34.44 63 :32.43 
64 :35.37 65 :33.03 66 :33.38 67 :31.90 6S :29.24 69 :32.16 70 :33.02 71 :32.1 2 72 :30.37 
73 :3 3.39 74 :32.74 75 :30.02 76 :28.89 77 :29.02 7S :30.36 79 :35.00 SO :29.52 Sl :31 .25 
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The Vx weighted corrections are placed at the end of the rows 
of table 21, the Vy values at the bottom of the columns, and 
the Vz values are tabulated for convenience along the bottom 
of the table with their identification letters. Following the 
variety identifications, enter the Latin letters from the Latin 
square used in making group Z of the triple lattice designs. 
The weighted variety mean yields are now secured by add-
ing to each value in table 21 its appropriate vx, Vy and Vz 
values. The variety mean yields are given in table 22. 
STANDARD ERRORS OF THE DIFFERENCES BETWEEN VARIETY 
MEANS. 
1. The standard error of the differences between the 
means of two .varieties occurring in the same block of one of 
the groups is 
. 1282 [ 6u ]. 12(3 .883) [ (6) (.25753) ] 
"'\Jri( 2u + u ' + (k - 2) = '\J (6) (9) 2(.25753) + .01948 + 7 
= 1.19 
2. The standard error of the differences between the 
mean yields of two varieties not having a block in common is 
_ 1282 [ 9u ]. 12(3.883) [ (9) (.25753) ] 
'\Jri( 2u + u' + (k - 3) = '\J (6) (9) 2(.25753) + .01948 + 6 
= 1.22 
3. The mean standard error of all comparisons is 
~ r(k 2~ 1) Lu ~ u' + (k - 2>] 
. 12 (3.883) [ (9) (.25753) ] 
'\J (6) (10) 2(.25753) + .01948 + 7 = 1.21 
Variety 10 with a yield of 30.40 lbs. per plot is the stand-
ard variety. To test the significance of the difference be-
tween the means of varieties 10 and 36, 
d = 30.40 - 27.30 = 3.10 
t = 3.10 = 2.54* . 
1.22 
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II. Mathematical Theory 
By W. G. COCHRAN" 
The object of this portion of the bulletin is to give some 
indication of the mathematical basis for the methods used in 
the previous paper. The mathematical analysis follows 
closely that given by YateslO [16J for the more difficult 
case of the cubic lattice. In reading this part, frequent ref-
erence to the numerical examples will .be necessary. 
LATTICE DESIGNS 
1. CALCULATION OF THE ADJUSTED VARIETAL MEANS 
The analysis is most easily followed by regarding the de-
sign as factorial. This device was used in the paper [12J 
which introduced these designs and is familiar to those who 
have studied the literature. If the varieties are renumbered 
so tbat VI becomes Vll, V2 becomes V12, • • • V9 becomes V19, 
VIO becomes V2I and VSI becomes V99, they may be regarded 
as given by all combinations of two factors, X and Y, each 
as nine levels. In this representation the first level of the 
main effect of X is the mean yield of varieties Vb V2, ••• V9, 
while the first level of the main effect of Y is the mean yield 
of varieties Vb VlO, V19, ••• V73 ' In the numerical example 
worked above, the main effects of X are completely con-
founded with blocks in replications 1 and 2, and those of Y 
in replications 3 and 4. These effects account for 16, or in 
general 2(k -1) of the degrees of freedom between varie-
ties. The remaining 64, or (k - 1) 2 degrees' of freedom, 
representing the XY interactions, are not confounded in any 
replication, and the new method of analysis does not affect 
them. 
The estimates of the main effects X and Y were previously 
taken only from those replications in which they were un-
confounded with blocks. These estimates are denoted by Xi 
and Yj (i for intra-blocks). Estimates can, however, also be 
made from the replications in which X and Yare confounded 
with blocks ; these will be denoted by Xb and Y b (b for 
blocks). In the numerical example, the values of Xi apd XI> 
for the first level of X are (table 2) 
x = 521.1 = 28 95 
I 18 ., X b = 485. 6 = 26 98 18 . 
"Research Professor, Statistical Section. I owa Agricultural E xperiment 
Station. 
i. Dr. Yates has worked ou t the corresponding analysis for a ll types of lat-
tice desig n s. 
46 
The new method of analysis was developed from the dis-
covery that the accuracy of the block estimates Xb and Y b 
could be determined, or in other words that estimated stand-
ard errors could be found for Xb and Y b as well as for Xi and 
Y l . If the blocks vary in fertility, the standard errors of 
Xb and Yb are higher than those of Xl and Yl. Nevertheless, 
knowing the relative accuracy of the two types of estimate, 
combined estimates may be made which are more accurate 
than XI or Yl . If a2 and a'2 are the true error variances 
per plot of the estimates XI and X b, it is known that the 
most accurate combined estimate is 
x wX, + W' Xb 
W + w' 
where w = 1 / a2 and w' = 1 / a '2. 
(1) 
In practice, wand w' are not known exactly, but if they 
are based on sufficient numhers of degrees of freedom, the 
disturbance from this point is negligible. Discussion of this 
question and of the method of estimating w' is given later. 
The adjusted varietal means, using the block estimates 
Xb and Yb, are more quickly computed if (1) is expressed 
in terms of the unweighted varietal means Xo and Yo, taken 
over all replications. Since X I and Xb are based on the 
same number of replications, 
(2) 
H ence x , = 2Xo- X b (3 ) 
Eliminating X , from (1) and (2), we find 
w-w' 
X = X . + w + w' (X. - X b ) (4 ) 
Inspection of the numerical example shows that the quanti-
ties rkcx, calculated in table 4, are simply 
(5) 
Hence, the adjustment per plot to Xo, as calculated from the 
mean over all replications, is 
w - w ' 
cx' = x Cx where X = w + w ' 
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Similarly the quantities Cy' are the adjustments per plot to 
Yo' An interaction term XY does not receive any adjustment. 
In practice it is more convenient to adjust each varietal 
mean directly. The necessary adjustments may be obtained 
by expressing the varietal means in terms of main effects 
and interactions. If Vo is an unadjusted varietal mean, and 
M is the general mean, we may write 
Vo - M = (Xo - M) + (Yo - M) + (Vo - Xo - Yo + M) (6) 
where Xo, Yo are the corresponding row and column means. 
Similarly for an adjusted mean v we must have 
v - M = (X - M) + (Y - M) + (v - x - Y + M) (7) 
M remains unchanged, since the general mean is unaffected 
by the adjustments. Also the interaction terms (the ex-
treme right-hand brackets) must be the same in both cases, 
':since the interactions are unconfounded. Hence, 
v - Vo = (X - Xo) + (Y - Yo) (8) 
i. e., each variety is adjusted by adding the corresponding 
-ex' and Cy' terms. 
2. ESTIMATION OF wAND w' 
An unbiased estimate of the variance per plot of XI and Yi 
is given by the intra-block error mean square. Hence w is 
taken as the reciprocal of this mean square. 
The method of estimating the error mean square between 
blocks depends on the number of replications. In the pres-
·ent example, with four replications, a direct estimate may 
be made from the differences between the totals of pairs 
of blocks containing the same set of nine varieties. These 
-differences are obviously clear of varietal effects. This com-
ponent is described as component (a) - in the numerical ex-
ample and is based on 16 degrees of freedom. It is interest-
ing to note that the remaining 16 degrees of freedom be-
tween blocks (unadjusted) represent the variance between 
the Xb and Y b estimates of the varieties. Thus the analysis 
-of variance might be written as follows, by an extension of 
table 5: 
:Source of variation 
Replications 
Xb and Yb 
Error (a) or Component (a) 
Varieties (eliminating blocks) 
Error (intra-block) 
TABLE 23. 
Degrees of 
freedom 
3 
16 
16 
80 
208 
Sums of 
squares 
2375.58 
1267.19 
964.63 
1230.23 
871.27 
Mean 
square 
79 .199 
60.289 
15.378 
4.189 
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In this form, the analogy with a split-plot design is easily 
seen. Components Xb and Yb, the main-plot treatments, are 
both tested in two randomized blocks of nine "plots" each, 
the "plots" being nine times as large as the unit plots. The 
principal difference from the ordinary split-plot design is that 
the "sub-plot" treatments also contain the X and Y com-
ponents of the varietal comparisons, i. e., the main-plot treat-
ments are also included as part of the sub-plot treatments. 
From this analysis we obtain estimates, 
w = 4.:89 = .23872 w ' = 6 0.~ 89 = .01659 
This estimate of w ' , based on 16, or 2 (k - 1), degrees of 
freedom, is probably sufficiently precise for our purpose. 
However, in corresponding experiments with fewer numbers 
of varieties, w ' would be based on rather few degrees of 
freedom. Moreover, this estimate cannot be made if there 
are only two replications. 
An alternative estimate is obtained from the sums of 
pairs of blocks containing the same set of varieties. These 
sums are partially confounded with varietal effects, but they 
may be corrected for varietal effects in the manner described 
in the paper. The corrected sums yield component (b), also 
based on 16 degrees of freedom. It will be observed from 
table 5 that the mean square for component (a) is signifi-
cantly greater than that for component (b). This is prob-
ably not a chance result; component (b) actually has a smaller 
expectation than component (a), owing to the adjustments 
made to free the former from varietal effects. Thus com-
ponent (b) cannot be used directly to estimate the mean 
square between blocks. 
This may be proved as follows. The error of any plot 
may be regarded as the sum of two independent parts, (1) a 
part e which varies independently from plot to plot with 
variance <Ti2 , (2) a part b, constant for all plots in the same 
block, and varying from block to block with variance <Tb2 • 
Since the error of the difference between two plots in the 
same block is (ell - e12), <Ti2 is the intra-block error variance. 
With this scheme, the error of a block total may be written, 
El, = el1 + e12 + ... + e19 + 9b1 (9 ) 
This has a variance (9 <Ti2 + 81 <Tb2). Hence the variance 
of the sum or difference of two block totals is 
(10) 
In obtaining component (a), the squares of the differences 
49 
between two block totals were divided by 18. Thus the 
mean square for component (a) is an estimate of 
IT, 2 + 9 ITb' (11) 
Component (b) is based on the sum of two block totals, 
plus a correction term which is derived from a different pair 
of replications, and is therefore independent. The correc-
tion term is the total of 18 plots, one from every block in 
the pair of replications, and has a variance (18 0";2 + 18 O"b2 ). 
There is, however, one additional complication. All correc-
tion terms from the same pair of replications contain the 
same set of 18 b's and are therefore not independent of each 
other. Since, however, component (b) is a sum of squares 
of deviations, it involves only differences between correc-
tion terms, in which the b's cancel. Thus the appropriate 
error variance for the totals from which component (b) is 
derived is 
(12) 
In the analysis of variance, these squares were divided 
by 36, giving 
(13) 
The reader may verify that the same expression holds for 
component (b) when there are only two replications, and that 
the general formula is (0";2 + %k O"b2). 
Since an estimate of 0";2 is available, component (b) can be 
adjusted so as to provide an estimate of (0"12 + 9 O"b2 ). In 
combining this with the estimate from component (a), more 
weight should be given to the latter. The exact method of 
weighting is, however, complicated. 
Yates [16], discussed this problem and suggested a simple 
method of weighting which is sufficiently accurate. The 
average mean square B of components (a) and (b) is an 
estimate of 0";2 + % 9 O"b2 • Since the intra-block 
error mean square E is an estimate of 0";2, an estimate 
of (0";2 + 9 O"b2 ), the true variance between blocks, is given by 
E + 4(B - E) / 3 = (4B - E) / 3. Hence w' may be taken as 
3/(4B-E). 
The general formulas for estimating wand w' are given 
below for application in other examples. 
Two replications: 
E = intra-block error mean square, 
B = mean square for component (b), based on 2 (k - 1) 
degrees of freedom, 
w = l i E, w ' = 1/ (2B - E) (14 ) 
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Four replications: 
Here B = average mean square for components (a) and. 
(b) based on 4 (k - 1) degrees of freedom, 
w = liE, w' = 3/ (4B - E) (15). 
Six replications: 
Component (a), based on 4 (k - 1) degrees of freedom,. 
is sufficient. If B is the mean square for component (a), 
w = l i E, w' = l i B (16) 
Component (b) need not be used. 
If, in any of these cases, B is less than or equal to E, W 
and w' should be taken as equal, i. e., the randomized com-
plete blocks analysis should be used. 
3. ST ANDARD ERRO'RS OF ADJUSTED VARIETAL MEANS 
The expressions for the error variance of the difference· 
between two adjusted varietal means are most easily ob-
tained by expressing each mean in terms of X, Y effects. 
and their interactions. 
VARIETIES IN THE SAME BLOCK. 
Let Vll, V21 be the adjusted mean yields of two varieties. 
which appear in the same block. The suffixes now refer to, 
the levels of X and Y. Since the varieties appear in the 
same block, they have one suffix in common, which has been 
taken as the Y suffix . 
. v ll - M = (X, - M) + (Y, - M) + (Vll - X, - Y , + M) (17) 
vZ1 - M = (X2 - M) + (Yi - M) + (V2l - X 2 - Y , + M) (18), 
Hence 
Vll - V2l = (X, - X 2 ) + (vu - X , - V2l + X 2 ) (19), 
Now 
wXIl + W'Xbl X = , 
1 W + w' 
and if there are r replications, the variance of Xi! is 2/ rkw 
and that of Xb1 is 2/ rkw' , Xn and Xb1 being the means of 
rk/ 2 quantities. Hence 
variance 5X, ) =+.( w ; w') ( 20 ). 
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Since Xl and X 2 are independent, being derived from com-
pletely different sets of plots, 
variance (Xl _ X . ) =_4_( 1 ,) 
- rk w + w (21) 
For the interaction term it is useful to note that this is 
unconfounded, and therefore must give the same result if 
calculated from unadjusted values of Vn, V2h Xl and X 2• 
The variance of this term is most easily found by expressing 
it as a linear function of single-plot yields. Since there are 
r replicates, it is sufficient to do this for one replication, di-
viding the resulting variance by r. 
In each replication, one plot of Xl carries the variety Vn, 
and one plot of X 2 carries V2l ' Hence the interaction term 
for a single replication contains 2 plot yields with coeffi-
cient + (k k 1) and 2 (k - 1) plot yields with coefficient 
( + ~). Thus the variance of the interaction term is 
_2_[( k-1 ) 2 + ik - 1)] = 2(k-1) 
rw k k ' rwk (22) 
The main effect and interaction terms are independent. 
Hence 
2(k-1) 4 ( 1 ) 
variance (vll - v 21 ) = rwk + ~ w + w ' (23) 
2 [ 2w ] 
= -- (k - 1) + --:---:-
rwk w + w ' (24) 
If w ' = 0, this reduces to ~ (k t 1) , the value for the 
rw 
intra-block analysis. If w ' = w, the variance becomes 2/ rw, 
the formula for randomized complete blocks. 
V ARIETIES NOT IN THE SAME BLOCK. 
If VI], V22 are the adjusted mean yields of two varieties 
which do not appear in the same block, 
Vu - V22 = (X, - X,) + (Yl - Y,) + 
(25) 
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By the previous analysis, the variance of the main-effect 
component is 
The expression of the interaction term as a linear function 
of independent plot yields requires a little more care and is 
facilitated by constructing a diagram representing a typical 
replication. It will be found that in each replication the 
function contains two plots with coefficient + (k k 2 ) , two 
plots with coefficient 0, and 4 (k - 2) plots with coefficient 
1 +k". Hence the variance of the interaction term is 
1 [ ( k - 2 ) 2 + 4 (k - 2) ] = _2_ ( k - 2 ) ) rw 2 k k' rw k (26 
This gives 
2 (k - 2 ) + 8 ( 1 ) variance (v" - v,,) = rw --k- rk w + w ' (27) 
= _2_[ (k_2) + 4W ] 
rkw w + w ' (28) 
This reduces to the correct values when w' = 0, or w ' = w. 
4, AVERAGE ERROR VARIANCE OF ALL VARIETAL 
CaMP ARISONS 
This may be calculated either from the above results, or 
from the analysis of variance. There are %k2 (k2 -1) com-
parisons between pairs of varieties, of which k2 (k - 1) are 
between varieties in the same block, and the remaining 
%k2(k - 1) 2 are between varieties which do not appear in 
the same block. The appropriate weighted mean of (24) 
and (28) is found to be 
2 [ (k _ 1) + 4w ] 
rw(k + 1) w + w ' . (29) 
Alternatively we may note that on a single plot basis, the 
2 (k - 1) degrees of freedom representing main effects have 
variance 2/ (w + w' ), while the (k - 1)2 degrees of free-
dom representing interactions have variance (l/ w). Taking 
the corresponding weighted mean, and dividing by r / 2 to 
give the average variance of the difference between two 
varietal means, we verify (29). 
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5. EFFICIENCY OF THE LATTICE DESIGN RELATIVE TO 
R ANDOMIZED BLOCKS 
If t he experiment were arranged in randomized complete 
blocks of k2 plots, the error variance for any replication would 
be a weighted mean of the (k - 1) degrees of freedom be-
tween incomplete blocks, with variance l / w ' , and the 
k (k - 1) degrees of freedom within incomplete blocks, with 
variance l / w. Thus the average error variance per plot is 
(~ + ~ , ) I' (k + 1). This is comparable with r / 2 times 
the average variance of the difference between two varieties in 
the previous section. Hence, with recovery of inter-block 
information, the efficiency of the lattice design relative to 
randomized complete blocks is measured by 
k + w / w ' (3 0 ) ( k - 1) + 4w /( w + w ' ) 
In this ratio the loss of information due to inaccurate 
weighting is ignored. 
The percentage efficiency is shown in table 24 for various 
values of w / w ' , with and without recovery of inter-block in-
formation. 
TABLE 24. PERCENTAGE EFFI CI ENCIES OF T HE LATTICE DESIGN 
RELATIVE TO RANDOMIZED COMPLET E BLOCK S. 
k wjw' 2 4 6 10 
100' 105.0 114 .3 125.0 148.1 172.0 196.4 
75.0' 87.5 100 112.5 137.5 162.5 187.5 
100 104.3 112.5 122.0 142.4 163.6 185.3 
77.8 88.9 100 111.1 133.3 155.6 177.8 
7 100 103.8 111.1 119.6 137.9 157.0 176.4 80.0 90.0 100 110.0 130.0 150.0 170.0 
100 103.4 110.0 117.6 134.2 151.6 169.2 
81.8 90 .9 100 109.1 127.3 145 .5 163.6 
100 103.1 109.1 116.1 131.2 147.1 163.3 
83.3 91.7 100 108.3 125.0 141. 7 158.3 
10 100 102.9 108.3 114.8 128.7 143.4 158.3 84.6 92.3 100 107.7 123.1 138 .5 153.8 
11 100 102.6 107.7 113 .6 126.6 140.2 154 .0 85.7 92.9 100 107.1 1 21.4 135.7 150.0 
12 100 102.4 107.1 112.7 124.8 137.4 150.3 86.7 93.3 100 106.7 120.0 133.3 146.7 
13 100 102.3 106.7 111.8 123.1 135 .0 147.1 87.5 93.8 100 106.2 118 .8 131.2 143 .8 
• The upper and lower figures show the percentage efficiency with and with-
out recovery of inter-block information respectively. The loss of informa-
tion due to inaccuracy in the weights is not taken into account. 
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This table gives some indication of the gains in efficiency to 
be anticipated from the use of lattice designs instead of 
randomized complete blocks. The recovery of inter-block 
information is naturally most valuable when w / w' is small. 
In individual experiments, the percentage efficiency may 
be estimated by substituting the observed value of w / w' in 
(30). For the numerical example, w / w ' = 12.67, giving 
a percentage efficiency of 185, which checks with the figure 
on page 23. 
6. THE F·TEST OF THE V ARrET AL DIFFERENCES 
In most experiments involving large numbers of varieties, 
it is reasonable to expect that there will be real differences 
in yield among the varieties, and a precise test of significance 
may seldom be required. The approximate test described 
in the first part of this bulletin should be sufficient for prac-
tically all cases; the test appropriate to the adjusted yields 
using inter-block information is, however, given here for 
completeness. 
The 64 degrees of freedom representing interactions are 
unaffected by confounding and are tested against the intra-
block error. It is, however, necessary to recompute the 16 
degrees of freedom for main effects, since these estimates 
are changed by the use of the inter-block information. 
If X / = r2k Xi> Xb ' = r~ X b, so that Xi ' and X b' repre-
sent totals, the adjusted main effects are derived from 
(WXi' + W' X b' )' Assuming that the weights are known ex-
actly, the variance of this quantity is r~ (w + w'). Thus the 
sum of squares representing X effects must be divided by 
r~w (w + w' ), to make the resulting mean square compar-
able with the intra-block mean square 1/ w. In replacing the 
-sum of squares of unadjusted X effects by the sum of squares 
of adjusted X effects, the change in the total unadjusted 
varietal sum of squares is therefore 
2 S(wX,' + W' X,, ')2 - r1k S(X,' + X,, ')2 (31) 
rkw(w + w') 
By collecting the coefficients of X/2, X i' X b' and X b'2, this 
may be written 
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(w - w') S [wX, '2 _ 2wX, ' X .' - (W + 2w' )Xb " ] (32 ) 
rll:w(w + W') 
(W - W') S [W(X ' - X ')2-2(w + W') X " ] (32a) 
rll:w(w + W') 'b b 
Hence the total change in the unadjusted varietal sum of 
squares to adjust for X and Y effects is 
(33) 
where A = (w-w' ) / (w + w ' ), and Bu and Ba are re-
spectively the unadjusted and adjusted sums of squares for 
component (b) of the blocks. In this expression A, w, w ' 
and Ba have already been calculated in the standard analysis 
of the "experiment, so that the only extra computation re-
quired is to find Bu , which is the sum of squares of devia-
tions of the row totals in table 2, divided by 18 (or in gen-
eral rk/ 2). Actually, Bu was' calculated in table 23 and was 
found to be 1267.19. Also Ba = 342.75 (table 5), w = 
.23872, w ' = .01884 and A = .8537 (p. 20). With these 
values, the adjustment to the varietal sum of squares in 
table 5 is -874.57, giving 1280.10 for the adjusted sum of 
squares of varieties. The F-value is 3.82, as against 2.97 
for the approximate test in table 6. 
The above test gives in general an F-value which is slightly 
too high, because the true variance of (wX;' + W' Xb' ) is in 
rk general somewhat larger than 2 (w + w' ), owing to in-
accuracies in the weighting. The over-estimation is negli-
gible in an experiment of this size. 
7. LOSS OF INFORMATION DUE TO THE USE OF INACCURATE 
WEIGHTS. 
The use of estimated weights, wand w', instead of the 
unknown true weights, results in a loss of precision in the 
X and Y estimates. Upon investigation, this loss was found 
to be negligible for the experiment discussed in the numerical 
example. It is, however, important to investigate the loss 
for smaller lattice designs with only two replicates, in order 
to form some judgment on the minimum size of experiment 
for which the recovery of inter-block information is worth-
while. 
In the notation of section 2, the true intra- and inter-block 
error variances per plot are o} and cr'2 = cr;2 + kcrb2 • The 
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true variance of (WXi + w'Xb) / (w + w ' ), from two repli-
cations is therefore 
1 W'cT,' + W" cT " 
Ii: (w + w ')2 
+ (-;+~) 
(w + w ')' 
The variance of the correctly-weighted mean, 
nVX, + W'Xb) / (W + W ') 
(34) 
is l / k (W + W ' ). Hence the increase in variance due to 
inaccurate weighting is 
1 ( ; + ;;,' ) 1 
Ii: [ (w + w' )' - (W + W') ] 
(~,~' - 1 1' (35 ) 
= kW '(1 + W' / W)(1 + w / w')" 
after simplification. 
From (14), w/ w' = (2B/ E -1). The mean square B 
is an estimate of (a} + V2kO"b2), based on 2 (k - 1) degrees 
of freedom, while E is an estimate of O"i2 , based on (k - 1)2 
degrees of freedom. Thus B/ E may be written 
F(1 +~cTb') 2cT,2 
where F = e2z• Making the necessary substitutions, (35) 
can be expressed as 
1 W' ( F - 1)' k W(W + W ') -F- (36) 
where F is based on 2 (k - 1) and (k - 1)2 degrees of free-
dom respectively. 
This increase in variance applies to each of the 2 (k - 1) 
degrees of freedom for main effects. Hence the average 
increase in variance over all (k2 - 1) degrees of freedom 
between varieties is 
..,.--,-:--2-,----:,..,- ",,,-;-;-;=-W-:-'--;co~ (F F 1 ) 2 
k(k + 1) W(W + W') (37) 
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The average variance with correct weights is 
1 [ (k - 1)' 2(k - 1) ] (k + 3)W + (k - l)W ' 
k(k' - 1) 2W + W + W ' = k(k + 1)2W(W + W ') 
(38 ) 
Hence the fractional increase in the average variance due to 
the use of inaccurate weights is 
Q = 4 (F- 1f 
(k + 3) : ' + (k _ 1) - F- (39) 
and the corresponding fractional loss of information is 
Q/ (l + Q ) 
This loss is a function of the unknown ratio of the true 
weights and of the F-value which is obtained in any experi-
ment. The loss increases without bound as F decreases to-
wards zero. However, by the rule given above that equal 
weights are used when R L:::E, a lower limit is set to this por-
t ion of the loss. 
The average loss may be calculated, by numerical integra-
tion, for any lattice design with two replicates, and for any 
given ratio W / W ' . The 5 X 5 design was selected for de-
tailed investigation. The F-ratio is based on only 8 and 16 
degrees of freedom. The average percentage losses of in-
formation are tabulated below for a set of values of W / W ' . 
W/W' 6 
Average % 
loss of in fornlat ion 2.21 3.07 4.54 4.37 3.91 
The loss of information increases to a maximum of presum-
ably about 5 percent and thereafter decreases. The losses 
are surprisingly small, considering the small numbers of 
degrees of freedom. However, the efficiency factor of this 
design is considerably higher than that of the 3 X 3 X 3 cubic 
lattice considered by Yates [16]. 
It seems clear that for all lattice designs of size larger than 
the 5 X 5, the use of estimated weights will result in only 
a slight loss of precision. Even with the 5 X 5, the loss is 
not sufficiently great to invalidate the recovery of inter-block 
information. 
TRIPLE LATTICE DESIGNS 
The mathematical analysis is an easy extension of that 
for the lattice and will be given in less detail. The varietal 
degrees of freedom are divided into X, Y and Z effects, each 
58 
based on (k -1) degrees of freedom, and "interactions", 
based on (k -1) (k -2) degrees of freedom. The X, Y, 
and Z effects are confounded in one of each set of three 
replications, while the interactions are clear of blocks. Un-
less otherwise mentioned, the notation is the same as for 
the lattice. 
1. CALCULA TION OF THE ADJUSTED VARIETAL MEANS. 
Since the number of replications for Xi is twice that for Xb , 
Hence 
x = 2wX, + w ' X" 
2w + w ' 
2X, + X" 
Xo = 3 
( w - w ' ) X = Xo + 2 . (Xo - X b ) 
w + .w 
(40 ) 
(41) 
(42 ) 
The 2rkcx values in table 12 are equal to rk (Xo - Xb), 
since the row totals of table 11 are rkXo and the row 
rk 
totals of group X areS-Xu. Thus the adjustment per plot 
to Xo is 
c x ' = 2 ( w - w ' ) Cx 
2w + w ' 
as given on page 33. 
It follows as in the lattice design that individual varietal 
means are adjusted by adding the appropriate values of cx ' , 
Cy ' and cz ' . 
2. ESTIMATION OF wAND w ' 
The mean square for component (a) gives a direct estimate 
of the variance per plot of the Xb' Yb and Zb estiml;l.tes. This 
is based on 24, or 3 (k - 1) degrees of freedom, and is 
sufficiently accurate to determine the weight w ' . However, 
this estimate can be made only when there are six or more 
replications, and even with six replications it is based on 
rather few degrees of freedom for the smaller lattice de-
signs. 
By the method of analysis used in the lattice, it may be 
shown that the mean square for component (b) is an esti-
mate of (ITi2 '+ ~ 9 ITu2 ). Thus the average mean square B 
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5 for components (a) and (b) is an estimate of (ai2 + 6 9 ab2). 
Hence we may take 
, 1 
w = 6/5 (B - E) + E 
5 (43) 6B - E 
General rules for the estimation of wand w' in the k X k 
triple lattice are given below. 
Three replications: 
w = l i E , w ' = 2/ (3B - E) (44) 
In this case, B is the mean square for component (b) only, 
since component (a) does not exist. 
Six replications: 
w = l i E , w ' = 5/ (6B - E ) (45 ) 
B is the average mean square for components (a) and (b). 
Nine replications: 
w = l i E, w ' = l i B 
where B is the mean square for component (a). Component 
(b) need not be used. 
If B is less than or equal to E, wand w' are regarded as 
equal and the randomized complete blocks solution is used. 
In this case no adjustments are required for the unweighted 
varietal means. 
3. STANDARD ERRORS OF ADJU STED VARIETAL MEANS 
Numerical suffixes will be used to denote the levels of the 
X, Y and Z factors. 
VARI E TIES I N THE SAME BLOCK. 
The adjusted means of two typical varieties which appear 
in the same block may be represented by Vll1 and V 221. 
Hence 
V1ll - M = (X, - M ) + (Y, - M ) + (Z, - M ) + 
(Vm - X, - Y, - Z, + 2M ) (46) 
V 221 - M = (X2 - M ) + (Y2 - M) + (Z, - M ) + 
(V221 - X 2 - Y2 - Z, + 2M ) (47 ) 
V221 - V1ll = (X2 - X , ) + (Y2 - Y ,) + 
( v ." - V 111 - X2 + X, - Y. + Y, ) (48) 
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N X 2WXi! + W'Xbl W ' h 1" h ' ow 1 = 2w + w' It r rep lcatlOns, t e vanance 
of Xi! is 3/ (2rkw) and that of Xb1 is 3/ (rkw ' ), Hence 
variance (XI) = r~ ( 2W! w ' ) (49) 
Thus the variance of the main effect component in (48) is 
12 ( 1 ) 
rk 2w + w ' (50) 
The variance of the interaction component is most easily 
obtained by noting that this component is unchanged if ad-
justed values of v, X and Yare replaced by unadjusted values 
and expressing the component as a linear function of indi-
vidual plot yields. For a single replication (apart from a 
common divisor r) the multipliers of the plot yields are as 
follows: 
Number M ultiplier Can tri b u tlon of p lots to variance 
2 :±: C k 2 ) ~ ( k k 2 r 
2 0 0 
4 (k- 2) 
-+-l. 4(k - 2) 
-k wk' 
Tota l : 4k-4 
-
2 ( k - 2) 
wk 
h . f h ' , ,2 (k - 2 ) Hence t e vanance 0 t e mteractlOn term IS rw - k-- • 
By adding this expression to (50), the variance of the dif-
ference between two varietal means which occur in the same 
block is found to be 
2 ( k - 2 ) 12 ( 1 ) 
rw -k-- + Tk 2w + w' 
_ _2_ [ k _ 2) 6W] 
- rkw ( + 2w + w ' (51 ) 
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VARIETIES NOT IN THE SAME BLOCK. 
The adjusted means may be represented by V111 and V222. 
The main effect component of the difference now contains X, 
Y and Z terms, and its variance from (49) is ~~ (2W ~ w' ) . 
The interaction component for a single replication is found 
to involve (6k -10) plots, of which two have coefficient 
(k - 3) j k, six have coefficient 0, and 6 (k - 3) have co-
efficient +1 j k. Hence the variance of the interaction term 
is 
_1_[ 2(k - 3)2 + 6(k - 3) ] = _2_ ( k - 3 ) 
rw k2 k 2 rw k (52) 
The variance of the difference between the adjusted means 
of two varieties not in the same block is therefore 
_2_(k -3 ) + ~( 1 ) _ _ 2_[ (k _ 3) + 9W ] 
r w k rk 2w + w ' - rkw 2w + w ' 
(53 ) 
By an appropriate weighting of (51) and (53), or from the 
analysis of variance, the average variance of the difference 
between two varietal means is found to be 
2 [ 9w ] 
rw(k + 1) (k - 2) + 2w + w ' (54) 
The reader may verify that these expressions check with 
the values given by the intra-block analysis when w' = 0, 
and with the values for randomized complete blocks when 
w -:- w ' . 
4. EFFICIENCY OF THE TRIPLE LATTICE DESIGN RELATIVE 
TO RANDOMIZED BLOCKS 
If the experiment were arranged in randomized complete 
blocks of k2 plots, the average error variance per plot would 
be (: + ~ , Y/(k + 1), as proved in the corresponding sec-
tion for the lattice design. Thus the efficiency of the triple 
lattice design relative to randomized complete blocks, is 
k + w 
w ' 
(k - 2) + 9w , 
2w + w 
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TABLE 25. PERCENTAGE EFFICIENCIES OF THE TRIPLE LATTICE 
DESIGN RELATIVE TO RANDOMIZED COMPLETE BLOCKS. 
k w/w' 2 4 6 8 10 
100" 107.1 119.5 133.3 162.5 19 2.5 222.7 
76.9" 92.3 107.7 123.1 153.8 184.6 215.4 4 
loa 106.1 116.7 128.6 153 .8 179.7 205.9 
80.0 93.3 106.7 120.0 146.7 173.3 200.0 5 
100 105.3 114.5 125.0 147.2 169.9 193.1 
82.4 94.1 105.9 117.6 141.2 164.7 188.2 
100 104.7 112.9 122.2 142.0 162.4 183.1 
84.2 94.7 105.3 115.8 136.8 157.9 178.9 
100 104.2 111.6 120.0 137.9 156.3 175.0 
85. 7 95 .2 104.8 114.3 133.3 152.4 171.4 8 
100 103.8 110.5 118.2 134.5 151.3 168.4 
87.0 95.7 104.3 113.0 130.4 147.8 165.2 9 
100 103.4 109.6 116.7 131.6 147.1 162.8 
88.0 96 .0 104.0 112.0 128.0 144.0 160.0 10 
100 103.2 108.9 115.4 129.2 143.6 158.1 
88.9 96.3 103.7 111.1 125.9 140.7 1-65.6 11 
100 102.9 108.2 114.3 127.2 140.5 154.0 
89.7 96.6 103.4 110.3 124.1 137.9 151.7 12 
100 102.7 107.7 113.3 125.4 137.8 150.5 
90 .3 96.8 103. 2 109.7 122 .6 135.5 148.4 13 
• The upper and lower figures give the percentage efficiencies with and wIth-
ou t recovery of inter-block information respectively. The loss of informa-
tion through inaccuracy in the weights is ignored. 
Table 25 shows these efficiencies in a similar manner to 
table 24 and Yates' table VI [16]. For given values of k 
and w j w ' , the percentage efficiency of the triple lattice is 
somewhat higher than that of the lattice. This is the result 
of spreading the confounding more evenly over all varietal 
comparisons. On the other hand, the extra gain due to the 
new method of analysis over the intra-block analysis is 
smaller ' with the triple lattice than with the lattice, since 
the intra-block analysis rejects a smaller fraction of the total 
jnformation in the former design. 
5. THE F-TEST OF THE VARIETAL DIFFERENCES 
To obtain the varietal sum of squares appropriate to the 
analysis with the recovery of inter-block information, the 
unadjusted varietal sum of squares is diminished by the 
amount, 
A [( 1 +;:; ) Bu - Bo ] (56) 
where A = 2(w - w') j (2w + w' ), and Bu and Ba are as be-
fore the unadjusted and adjusted sums of squares for com-
ponent (b) of the blocks respectively. 
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As an example, this test will be applied to the numbers of 
missing hills. A precise test is required in this case, since 
it is important to know whether the varieties show differences 
in the numbers of missing hills before adjusting the mean 
yields for missing hills. From table 18 we find w = l / E = 
1/ .8696 = 1.1500, w' = 5/ (6B - E) = 0.3802, A = .5744, 
and Ba = 56.2963. From the row totals in table 10, Bu is 
found to be 63.074. On substituting in (56), the adjustment 
to the varietal sum of squares amounts to -9.883, giving 
51.451 for the new varietal sum of squares. The mean 
square, 0.6431, is below the intra-block error mean square, 
so that there is no evidence of real differences between the 
varieties in the number of missing hills. 
6. LOSS OF INFORMATION DUE TO THE USE OF INACCURATE 
WEIGHTS 
For a given value of k, the weights are least accurately de-
termined when there are only three replications. The inves-
tigation of the loss has been confined to this case. 
By an analysis similar to that given in section 7 for the 
lattice design, the fractional increase in the average variance 
of a varietal mean due to the use of inaccurate weights is. 
found to be 
Q 1 (F -1 )2 
2 (2k + 5) ~, + (k _ 2) --F-
9 
(57 ) 
where W, W' are the true weights, and F = e2z, is based' 
on 3 (k - 1) and (k - 1) (2k - 1) degrees of free-· 
dom. The corresponding fractional loss of information is 
Q/ (1 + Q). Comparison of (39) and (57) shows that for 
given values of k and W / W' , the average loss of information 
is always smaller for the triple lattice than for the lattice. 
This is to be expected, since the former has a higher efficiency 
factor and gives more degrees of freedom for the estimation 
of wand w ' . Thus the 5 X 5 triple lattice, and all larger 
triple lattices, give a smaller average loss of information 
than that found above for the 5 X 5 lattice. 
The average losses are shown below for the 4 X 4 triple 
lattice, this being about the smallest size likely to be used 
in practice. The numbers of degrees of freedom in the F-ratio-
are 9 and 21. 
W / W ' 
Average % loss 
of information 
1 
1.73 
2 
3.00 
4 6 
3.73 3.19 
The maximum loss appears to be about 4-5 percent. 
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7. THE ANALYSIS OF COVARIANCE 
In this case, the relative weights to be attached to the block 
and intra-block estimates must be determined after the yields 
have been adjusted, since, for example, the adjustments 
might reduce block variability very considerably if the num- -
bers of missing hills varied widely between different blocks. 
The first question which arises is whether to use a single re-
gression coefficient for the adjustments, or separate coeffi-
cients for blocks and the intra-block error. In the numerical 
example, the two coefficients agree closely, and it was de-
cided to make all adjustments by means of the intra-block -
regression coefficient. A weighted mean of the two might 
have been employed, but the relative information in the block 
estimate was negligible. The use of a single regression co-
efficient makes the calculation of adjusted means somewhat 
easier. On the other hand, it would not be an efficient pro-
cedure if the two coefficients differed widely, and it intro-
duces a correlation between the adjusted block estimates and 
the adjusted intra-block estimates. 
The methods given in the paper for calculating the rela-
tive weights of the adjusted inter- and intra-block estimates 
and the standard errors of the final varietal means are not 
strictly correct, owing to certain difficulties introduced by the 
sampling variance of the regression coefficient. For this de-
sign, and probably also for similar designs of the same size, 
they are sufficiently precise, but the complications are men-
tioned below, as their effect becomes more important with 
smaller designs. The complications arise from several 
sources: 1. The adjusted mean square for blocks (43.419 in 
table 19) is not an estimate of aj2 + 5/ 6 kab2, the coefficient 
5/ 6 being slightly reduced because the block degrees of free-
. dom are not orthogonal with the regression degree of freedom. 
The correct coefficient can be calculated without difficulty. 2. 
In a covariance analysis, the variance of the difference be-
tween two adjusted treatment means, Y1- Y2 - b(x1 - )(2) 
is 
. ~( 1 -1 (x, - X,)') 
r 2Exx (57) 
where a 2 is the reduced error variance, r is the number of 
replicates, and E xx the error sum of squares for the inde-
pendent variable. Thus the variance of the difference be-
tween two adjusted X, Y and Z components of the variety 
sum of squares depends upon the corresponding difference 
in missing hills as well as on the appropriate a 2 • As a com-
promise, the relative weights of the block and intra-block 
estimates may be based on the average variance of the differ-
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ence between two X, Y or Z components. For the intra-block 
estimate, this is 
2.,. 2 ( ) 
-r'- 1 + Fi n, (58) 
where F is the variance ratio for the intra-block X, Y and Z 
components of the missing hills against the intra-block er-
ror, and ni is the number of degrees of freedom in the intra-
block error. Since the covariance is unlikely to be used un-
less F is near unity, the additional factor is of the order 
of (1 + l / nJ, being about 1.003 in the numerical example. 
The corresponding factor for the inter-block estimate is also 
very close to unity. 3. As mentioned above, the use of a com-
mon regression coefficient introduces a correlation, usually 
positive, between the adjusted inter- and intra-block esti-
mates of the X, Y and Z components. In this situation, the 
most accurate weights and the resulting standard errors of 
the varietal means depend on the value of the correlation co-
efficient, the standard errors being somewhat higher than 
the values obtained by ignoring the correlation. In the pres-
ent example, the effects of the correlation are negligible ow-
ing to the low sampling variance of the regression coefficient. 
If separate regression coefficients are used for the block 
and intra-block estimates, the difficulties mentioned in (1) 
and (3) above disappear, but the calculation of adjusted 
means becomes slightly more laborious. With the smaller 
designs, allowance may be made for the extra complications 
when the need arises. 
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